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Many existing or proposed intensity-frontier search experiments look for decay signatures of light
long-lived particles (LLPs), highly displaced from the interaction point, in a distant detector that
is well-shielded from SM background. This approach is, however, limited to new particles with
decay lengths similar to or larger than the baseline of those experiments. In this study, we discuss
how this basic constraint can be overcome in BSM models that go beyond the simplest scenarios.
If more than one light new particle is present in the model, an additional secondary production
of LLPs may take place right in front of the detector, opening this way a new lifetime regime
to be probed. We illustrate the prospects of such searches in the future experiments FASER,
MATHUSLA and SHiP, for representative models, emphasizing possible connections to dark matter
or an anomalous magnetic moment of muon. We also analyze additional advantages from employing
dedicated neutrino detectors placed in front of the main decay volume.
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I. INTRODUCTION
Motivated by a successful history of discoveries of
new elementary particles, it has long been the dominant
paradigm in experimental searches to look for heavier and
heavier particles that could manifest their existence in
increasingly more powerful colliders. This approach led
to a well-established experimental program that is now
being continued at the Large Hadron Collider (LHC). In
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2parallel with these persevering efforts, however, there has
also been a growing interest in recent years in exploring
scenarios that might have been overlooked in the past.
Among them, a prime focus has been directed on light
and very weakly-interacting beyond the Standard Model
(BSM) particles that could have escaped detection in
previous searches due to the lack of sufficient luminos-
ity. The corresponding efforts are often referred to as
intensity frontier searches for light long-lived particles
(LLPs). This captures the fact that the relevant detec-
tion prospects depend upon the ability to study very rare
events that should also be discriminated from a priori
overwhelming Standard Model (SM) background (BG).
A variety of atypical experimental signatures have been
proposed to search for LLPs [1, 2]. In particular, very
clean searches for LLPs have been considered to employ
their displaced decays in a distant detector that is physi-
cally separated and shielded from the primary interaction
point (IP). This allows one to drastically reduce BG, of-
ten to negligible levels. However, an obvious limitation
of this strategy is the lifetime of BSM particles that can
be probed this way. If a LLP is too short-lived, it primar-
ily decays before reaching a detector’s fiducial volume in
which case prospects for discovery are greatly reduced.
This is evident in a variety of simplified models that
have been proposed as benchmark scenarios for intensity
frontier studies [1]. In particular, in models employing a
single coupling of an LLP to the SM particles, the shape
of current exclusion bounds and future sensitivity lines is
often driven by the tension between increasing produc-
tion rates and diminishing the lifetime of the LLP. This
can be overcome in less simplified models employing e.g.
non-universal couplings of the LLP to SM hadrons and
leptons, or by the use of a compressed mass spectrum to
increase the lifetime of decaying LLP. By tuning different
types of couplings or a mass splitting between the parti-
cles present in the model, one can keep a relatively high
production rate of LLPs, while simultaneously increasing
their decay length.
On the other hand, in more complete models, if an
LLP is present, it is often accompanied by other light
BSM species. A notable example can be light dark mat-
ter (DM) with a mediator particle of similar mass that
couples to the SM and yields correct thermal DM relic
density [3, 4], or various realizations of the twin Higgs
model [5], that have been advocated for in the context
of neutral naturalness and often predict the existence of
several light BSM particles in the mirror sector.
In such scenarios, the aforementioned effective decou-
pling of production and decay of the LLPs can appear
even more naturally, without requiring a tuning between
the model parameters or introducing exotic non-universal
couplings. In particular, if one of the LLPs can be effec-
tively produced in interactions of the other, that happen
in front of the detector or inside it, this can lead to sec-
ondary production of LLPs at a position much closer to
a decay vessel. We illustrate this schematically in Fig. 1.
As a result, the range of the LLP lifetimes, τLLP, that
can be probed is extended toward smaller values. In ad-
dition, for a range of intermediate values of τLLP, both
primary and secondary production give comparable con-
tributions to the total number of events in the detector.
We illustrate this in Fig. 2 for selected intensity frontier
experiments and benchmark points (BPs). In the figure,
we show the expected number of events associated with
both the primary production at the interaction point (IP)
and the secondary production mechanisms as a function
of τLLP.
In this study, we analyze the prospects for such
searches in some of the future experiments that have
been proposed to look for the LLPs and could naturally
employ the aforementioned secondary production mecha-
nism to increase their discovery potential. Among them,
we study the FASER experiment [6–9] that will be taking
data during LHC Run 3 and can then be extended toward
the High Luminosity LHC (HL-LHC) phase. We also dis-
cuss the prospects of two other experiments with a pos-
sible timeline similar, or identical, to HL-LHC, namely
the proposed MATHUSLA [10–12] and SHiP [13–15] de-
tectors.
In the case of the proposed SHiP detector, we addi-
tionally discuss two other possible signatures of models
with more than a single LLP that employ a dedicated
neutrino subdetector. Interactions of LLPs can be dis-
covered there based on their scatterings off electrons, as
well as such scatterings followed by a prompt decay in
the subdetector that leads to two simultaneous electro-
magnetic (EM) showers. We analyze how a combination
of various signatures can deliver important information,
on top of the one from the standard search for LLP de-
cays in the decay vessel, that could help to resolve the
nature of the LLP.
This paper is organized as follows. In Sec. II, we intro-
duce simplified BSM models of interest to us. In Sec. III,
we discuss basic aspects of the LHC experiments under
study, while more details of our analysis are given in
Sec. IV. The results for the secondary LLP production in
scatterings off nuclei are presented in Sec. V, while addi-
tional signatures for scatterings off electrons in the SHiP
neutrino subdetector are discussed in Sec. VI. We con-
clude in Sec. VII. More technical aspects of the study are
described in the appendices. In Appendix A we discuss
how the sensitivity reach from the secondary production
can be affected by varying cuts imposed in the analysis.
In Appendices B and C, respectively, we present the ex-
pressions relevant for the primary production and decay
of LLPs, as well as the scattering cross sections corre-
sponding to the secondary production. Appendices D
and E are devoted to a more detailed discussion of the
detector designs used in modeling, as well as relevant ex-
perimental cuts.
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Figure 1: Schematic illustration of primary and secondary production of the light long-lived particle LLP2, shown
with the dashed blue line, that subsequently decays inside the detector. In the case of secondary production, the
intermediate role of other light species, LLP1, shown with the dotted red line, allows for producing LLP2 much closer to
the detector. In models studied below, the (LLP1,LLP2) pair can be identified with: (χ,A
′) for dark bremsstrahlung
(see Sec. II A), (χ1, χ2) in the case of inelastic dark matter (see Sec. II B), and (S,A
′) for the model with a dark
photon and a secluded dark Higgs boson (see Sec. II C).
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(a) FASER 2
(mA′ ' 30 MeV, model Sec. II C)
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(b) MATHUSLA
(mA′ ' 70 MeV, model Sec. II B)
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(c) SHiP
(mA′ ' 20 MeV, model Sec. II A)
Figure 2: Histograms with the expected number of events in the detectors: FASER 2 (left), MATHUSLA (center)
and SHiP (right) coming from primary (red) and secondary (blue) production of a light long-lived particle. For the
purpose of illustration, the plots were obtained for benchmark points indicated in the captions that correspond to
the models described in Sec. II. The currently excluded ranges of lifetimes for these BPs are shown as grey-shaded
regions.
II. MODELS
In order to illustrate the impact of the secondary pro-
duction mechanism on the sensitivity reach in intensity
frontier searches, we consider some simplified BSM mod-
els that can lead to production of LLPs in scatterings in
front of the detector and their subsequent decays within
its fiducial volume.
To this end, we focus on popular scenarios with a light
dark vector particle appearing in minimal extensions of
the SM with a new U(1)d symmetry group. We assume
that the resulting gauge boson, dubbed dark photon or
A′, couples to the SM solely via a kinetic mixing term
(/2)FµνF
′µν , where Fµν and F ′µν are the field strength
tensors of the SM photon and dark photon, respectively.
The parameter  can be naturally small when induced
at a loop level due to the presence of new heavy charged
particles [16]. After a field redefinition to remove the non-
diagonal term in the field strength tensors, SM fermions
acquire milli-charges under the U(1)D group with the
corresponding interaction mediated by the dark photon
(for recent reviews see [17–19]). The relevant Lagrangian
terms for the dark photon with mass mA′ then read
L ⊃ 1
2
m2A′ A
′ 2 −  e
∑
f
qf f¯ /A
′
f, (1)
where the sum in the second term spans over SM fermions
f with electromagnetic charges qf .
In the following, we will focus on scenarios with mA′ ∼
MeV−GeV. In this mass range, dark photons are promis-
ing targets for intensity frontier searches and one of just
a few renormalizable BSM portals to study at a simpli-
fied level. In particular, the values of the kinetic mixing
parameter in the allowed region of the parameter space of
the dark photon model spanned by just two parameters,
mA′ and , can be as large as  ∼ 10−3 and lie within
reach of many current and future experiments [1, 2].
Once produced, dark photons can decay back into SM
particles with the relevant decay length given in Eq. (B6).
If dark photons are produced in secondary production
4processes right in front of the detector, this can allow
one to probe boosted A′s with the decay length dA′ of
order meters
(cτβγ)A′ ∼ 1 m×
[
10−4

]2[
EA′
100 GeV
][
30 MeV
mA′
]2
. (2)
Additional LLPs with mass of a similar order often
arise in such models, e.g. as dark sector particles com-
prising DM, or in connection to the dark Higgs mech-
anism that can generate non-zero mass of A′. In such
scenarios, dark photons can either decay visibly or de-
cay predominantly into dark sector particles. Below, we
briefly discuss several simple scenarios with A′ accompa-
nied by additional LLPs.
A. Dark bremsstrahlung
One of the most important motivations to search for
new light subweakly coupled particles is the role they
can play in cosmology and astrophysics, acting as medi-
ators between the SM and DM (for a recent review see
e.g. [20]). In particular, a light dark photon serves as an
important example of such a portal that can yield correct
relic density of thermally produced DM due to a gener-
alized weakly interacting massive particle (WIMP) mira-
cle [3, 4] or in a secluded WIMP DM scenario [21], as well
as due to non-zero temperature effects in the forbidden
DM regime [22] (see also Ref. [23] for a recent study in
this direction). In addition, depending on the hierarchy
between DM and dark photon masses, this scenario can
belong to a more general framework of self-interacting
DM and can help to resolve problems in understanding
DM distribution toward centers of galaxies and galaxy
clusters [24] (for review see [25]).
We focus on the model with fermionic DM χ coupling
to SM via a dark photon portal described by Eq. (1) and
the following additional terms in the Lagrangian
L ⊃ χ¯ (i /D −mχ)χ, (3)
where Dµ = ∂µ − i gD A′µ, mχ is the DM mass and gD is
the dark coupling constant that governs DM interactions
with A′.1 As a result, the parameter space of this model
is spanned by four parameters, mA′ , mχ,  and αD =
g2D/(4pi). In the case of a massive dark photon, that we
focus on, dark fermion χ remains electrically neutral after
gauge field transformations are applied [26].
In the following, we set αD = 0.1, a value that lies
within perturbativity limits but at the same time is large
enough so that the αD-dependent secondary production
1 Here, as well as in the models described in Secs. II B and II C,
an additional, close to unity and -dependent, rescaling factor
appears in the effective coupling gD due to A
′ field redefinition
that leads to Eq. (1). It is, however, negligible for small values
of  considered in our study.
of LLPs can become sizable. For illustrative purposes, we
also assume a fixed mass ratio mχ : mA′ = 0.6 : 1. This
corresponds to a particularly interesting mass regime in
which mχ < mA′ < 2mχ. Here, dark photons decay visi-
bly into SM particles with possible striking experimental
signatures in distant detectors. At the same time, the
DM relic density is set by a freeze-out of direct χχ¯ anni-
hilations into SM particles via intermediate A′ [27], with
only a small impact of very efficient annihilation into two
dark photons relevant for the forbidden DM regime. In-
stead, in the case of a larger mass ratio, mχ > mA′ ,
characteristic for secluded DM, one would typically ob-
tain tiny DM relic density for a chosen value of αD. Fur-
ther comments about DM relic density in this model are
given in Sec. V. Once the aforementioned assumptions
about the mass ratio and the value of αD are taken into
account, there remain only two free parameters of the
model: mA′ and .
While DM particles χ are stable, spectacular signa-
tures of this model can come from dark photon decays
inside the detector. Importantly, on top of A′s produced
at the primary IP, further dark photons can come from
dark bremsstrahlung processes, χT → χT A′. Here, χ
scatters off electron or proton/nucleus target T in the
material in front of the detector and radiates off the dark
photon (see e.g. Refs. [28–30]). The relevant Feynman
diagram is shown in the left panel of Fig. 3. Alterna-
tively, one can study scattering signatures of DM parti-
cles off electrons, χ e− → χ e−, that can lead to excess in
the number of high-energy EM showers in the detector
with no significant nuclear recoil over expected neutrino-
induced BG [31–36].
B. Inelastic dark matter
Generalizing the aforementioned case of Dirac fermion
DM, we also consider the scenario with a pair of Weyl
(dark) fermions χL and χR with opposite chirality that
share the same charge under the dark gauge group U(1)D;
see e.g. Refs. [37, 38] for recent discussion. When U(1)D
symmetry is spontaneously broken, Majorana mass terms
can be generated on top of the Dirac mass. The relevant
Lagrangian can be written as L ⊃ (ΨT CM Ψ + h.c.),
with ΨT = (χL, χ
c
R) and the (real) mass matrix
M =
(
mL Mχ
Mχ −mR
)
, (4)
where the Majorana masses are denoted by mL and mR
and the Dirac mass by Mχ. By rotating to the mass
basis, two dark fermion states appear with masses
mχ1,2 =
∣∣∣∣12 (mL +mR ∓√(mL −mR)2 + 4M2χ)
∣∣∣∣ . (5)
The effective Lagrangian then reads
L ⊃
∑
i=1,2
gii χ¯iγ
µχiA
′
µ +
(
g12 χ¯2γ
µχ1A
′
µ + h.c.
)
, (6)
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Figure 3: Feynman diagrams relevant for secondary production processes discussed in the text. Left: dark
bremsstrahlung of A′ in DM scattering, Center: upscattering of a lighter χ1 fermion into a heavier one χ2 in
an inelastic DM model, Right: scattering of a secluded dark Higgs boson with A′ production.
where we focus on the case with gii  g12 and the dark
photon coupling to the SM as shown in Eq. (1). In fact,
the diagonal and non-diagonal couplings between dark
fermions depend on their mixing angle θ. They are pro-
portional to cos 2θ and sin 2θ, respectively, with the mix-
ing angle defined as tan 2θ = 2Mχ/(mL +mR).
As can be seen, in the pseudo-Dirac limit with Mχ 
mL,mR, diagonal couplings are suppressed and two dark
fermion states are characterized by a small mass split-
ting. This corresponds to a well-known scenario first dis-
cussed in the context of the DAMA anomaly in DM di-
rect detection searches [39], which has recently received
renewed attention due to possible interesting signatures
in intensity frontier searches and other experiments from
displaced decays of a heavier fermion, χ2 → χ1 e+e−, see
e.g. Refs. [40–48].
On the other hand, a similar suppression of diago-
nal couplings can be achieved even for larger Majorana
masses by requiring mL ≈ −mR. This then allows one
to consider a larger mass splitting between χ1 and χ2,
∆χ =
mχ2 −mχ1
mχ1
' 2 min {Mχ,mL}|mL −Mχ| , (7)
while the mass eigenstates read mχ1,2 ' |mL ∓Mχ|.
In particular, for mL ' −mR ' Mχ, one obtains a
very low mass of χ1, i.e. mχ1 ≈ 0, while the χ2 mass
can remain significantly larger, mχ2 ' 2Mχ. On the
other hand, for χ1 to be a cold DM candidate, we re-
quire mχ1 to be not suppressed too much. This can be
achieved by e.g. assuming mL ' −mR ' 2Mχ leading
to mχ2 ' 3Mχ ' 3mχ1 . In this case, for increasing the
mass of dark fermions, other decay channels might open
up on top of the leading one to an electron-positron pair.
These include e.g. χ2 → χ1 µ+µ−, as well as decays with
hadronic particles in the final state.
While in the pseudo-Dirac limit χ2 can become long-
lived due to a suppressed mass spectrum in its 3-body
decays, the lifetime of a heavier dark fermion becomes
smaller for increasing ∆χ. As a result, χ2s often struggle
to reach a distant detector before decaying. This opens
up a region in the parameter space of the model in which
correct DM relic density can be obtained, while current
bounds from beam-dump experiments are weakened [38,
42].
Due to suppression of diagonal couplings, lighter dark
fermions, when scattering off the electron or proton tar-
get, preferably produce a heavier state, χ1 T → χ2 T , if
kinematically allowed. This is illustrated in the central
panel of Fig. 3. If such upscattering occurs in front of the
detector, subsequent decays of χ2 might lead to a spectac-
ular signature inside the fiducial volume of the detector.
For large mass splitting between both dark fermions, an
approximate decay length of boosted χ2 reads
(cτβγ)χ2 ∼ 1 m×
[
0.1
αD
][
5× 10−4

]2[
Eχ2
100 GeV
][
100 MeV
mχ1
]5[
300 MeV
mχ2
][
mA′
400 MeV
]4[
2
∆χ
]5
, (8)
while a full expression for the relevant decay width is
given in Eq. (B7).
When presenting the results in Sec. V, we follow a sim-
ple mass scaling mentioned above with mχ2 ∼ 3mχ1 and
take both masses in the MeV − GeV range, which has
been chosen for illustrative purposes. As the upscat-
tering cross section decreases with growing dark photon
mass, we additionally focus on the case when mA′ satu-
rates the minimal value required for on-shell A′ to decay
invisibly into χ1χ2 pairs; i.e., we assume mχ1 : mχ2 :
mA′ ∼ 1 : 3 : 4. In addition, similar to Sec. II A, we as-
sume αD = 0.1, where we define αD = g
2
12/(4pi). Hence,
there remain only two free parameters of the inelastic
DM (iDM) model that we vary freely when obtaining
sensitivity reach plots: mχ1 and .
6C. Dark photon with secluded dark Higgs boson
A natural way to introduce a non-zero dark photon
mass is to employ a dark Higgs mechanism in which mA′
is driven by a vacuum expectation value (vev), vS , of
a new SM-singlet complex scalar field S added to the
model. In comparison to the SM Higgs boson vev vh, the
vev of the new field is assumed to be small, vS  vh, as
expected for a low-mass dark gauge boson. This new dark
scalar, dubbed dark Higgs boson, can have non-negligible
couplings to the SM fermions that either arise thanks to
the mixing between S and the SM Higgs boson H or
appear at a loop level with the exchange of intermediate
A′s. The relevant Lagrangian terms read [31, 49]
L ⊃ |Dµ S|2 + µS |S|2 − λS
2
|S|4 − λSH
2
|S|2|H|2, (9)
where Dµ = ∂µ − i gD A′µ, while dark photon coupling
to the SM is given by Eq. (1). The phenomenology of
new BSM light scalars in connection to intensity frontier
searches has been extensively studied in the literature;
see, e.g. Refs. [1, 15, 50–52] and references therein.
Assuming small mixing, λSH  λS , and by solving rel-
evant tadpole equations, one can rewrite the dark scalar
mass in terms of vS which reads m
2
S = 2µ
2
S − λSH v2h =
2λS v
2
S . At the same time, the dark photon mass induced
by the vev of S is given by m2A′ ' g2D v2S . As a result,
m2S ∼ m2A′ × λS/(2piαD), i.e., both dark scalar and dark
vector masses are naturally of similar order. In particu-
lar, keeping a small value of λSH allows one to suppress a
contribution to the dark Higgs boson mass from the vev
of the SM Higgs, λSH v
2
h.
In the following, we require the mixing term to be very
small, λSH ∼ (m2S/v2h) . 10−6. This results in highly
suppressed values of a mixing angle between the dark and
SM Higgs bosons that typically lies below the reach of
current and future searches. It then plays a negligible role
in our phenomenological analysis, while we will comment
on it when discussing current bounds on this scenario.
In fact, the dominant couplings of such a secluded S to
the SM fermions arise via the dark photon portal and an
unsuppressed coupling between S and A′ that appears
after U(1)D symmetry breaking, L ⊃ gDmA′ S A′µA′µ.
This can lead to efficient co-production of light scalars
in any process leading to A′ production, where S can be
bremmed off the vector leg. As a result, a flux of dark
scalars going toward the detector can be obtained along
with dark photons produced at the primary IP.
Importantly, unlike with dark photons which can decay
promptly depending on the value of the kinetic mixing
parameter , dark Higgs bosons in such a scenario are
typically very long-lived if mS < mA′ . This is because
their dominant decays into a pair of SM fermions, e.g.
S → e+e−, proceeds at a loop level through a triangle
diagram with intermediate vector states [31, 43, 49]. A
typical lifetime of S then reads
τS ∼ 0.1 s×
[
0.1
αD
][
10−3

]4[
20 MeV
mS
][
mA′
30 MeV
]2
.
(10)
For larger values of mS , the di-muon final state becomes
possible, as well as 3- or even 2-body decays with one
or two on-shell dark photons in the final state that re-
duce the lifetime of S. These, however, turn out to
be irrelevant for the mass range of our interest and
for the assumed mass ratio in our benchmark scenario
mS = (3/4)mA′ , as discussed in Sec. V. We also fix the
dark coupling constant to be αD = 0.1, which leads to
only two free parameters of the model varied to obtain
the sensitivity reach plots: mA′ and .
As evident from Eq. (10), dark scalars in the considered
scenario are effectively stable at collider scales. Thus,
once a flux of dark Higgs bosons is produced, they will
only rarely decay before reaching the detector. Instead,
when traveling, they can scatter off nuclei and electrons
producing secondary dark photons, S T → A′ T , as il-
lustrated in the right panel of Fig. 3. The dark photons
can then decay inside the detector. If such a secondary
A′ production can take place in the vicinity of the decay
vessel, it allows one to probe small dark photon lifetimes.
III. EXPERIMENTS
In order to illustrate the impact of secondary produc-
tion of LLPs on the reach, we study the expected sensitiv-
ity for three representative proposed experiments. Since
this effect becomes more evident for highly boosted par-
ticles, we focus first on the LHC experiments, namely
FASER and MATHUSLA. We also study the possible
impact of secondary production of LLPs on the reach
plots relevant for the SHiP experiment.2
As discussed in more detail in Sec. IV and Appendix C,
the dominant contribution to the secondary production
rate comes from Z2-enhanced coherent scatterings off nu-
clei. They are characterized by a low-momentum transfer
to the nuclear target. This is different from the neutrino-
induced neutral hadron BG, which, in order for the re-
coiled hadron to be energetic, requires larger momentum
transfer.
As a result, for the signal of interest to us, no signifi-
cant recoil energy is expected and veto layers in front of
the decay vessel often remain inactive, unless the scatter-
ing process takes place right in front of them. We then
always require in our analysis that precoil < 1 GeV, while
the typical recoil momentum is even smaller, precoil ∼
2 This selection of the experiments is motivated by the scope of
different experimental approaches they cover. We note, however,
that the same ideas apply to other existing or proposed experi-
ments such as CODEX-b [53, 54], NA62 [55] or SeaQuest [44].
7O(100 MeV). In addition, we exclude all scattering pro-
cesses happening in the last three hadronic interaction
lengths, 3λhad,int, of the material lying in the most im-
mediate neighborhood of the veto layers. While the last
condition follows our generally conservative approach, we
also discuss in Appendix A how the sensitivity reach can
be changed by ameliorating, or strengthening, this cut.
The geometry for each experiment is illustrated in
Fig. 4. Below, we briefly describe basic details of the
experiments that are relevant for our discussion. A more
detailed description of simplified detector designs em-
ployed in our study is given in Appendix D, and physics
cuts applied to signal events in each experiment are dis-
cussed in Appendix E.
A. FASER
a. Basic detector design The FASER experiment
has been proposed [6] to search for LLPs that can
be abundantly produced in the forward direction of
the LHC and subsequently decay in a distant detec-
tor [6, 8, 51, 56, 57]. Following a preparation of the
detailed detector design [7, 9], the experiment was ap-
proved to take data during LHC Run 3. In addition,
a larger version of the detector has been considered [8],
dubbed FASER 2, that could collect data during the HL-
LHC era. In the following, we will present the results for
both these experiments, as well as for a small version of
the FASER detector left for the entire HL-LHC era, that
we further denote by FASER (HL-LHC).
The FASER detector consists of a cylindrically-shaped
decay vessel with length ∆ and radius R, followed by a
spectrometer and calorimeter. At the front of the de-
tector, there is a veto layer with a primary role to re-
ject muon-induced BG. The detector is placed in the side
LHC tunnel TI12 about L = 480 m away from the AT-
LAS IP along the beam collision axis. The actual de-
tector position is shielded from the ATLAS IP by 10 m
of concrete and about 90 m of rocks, on top of various
elements of the LHC infrastructure. The detector ge-
ometries and integrated luminosities corresponding to all
three aforementioned versions of the FASER experiment
read as follows:
• FASER: ∆ = 1.5 m, R = 10 cm, L = 150 fb−1,
• FASER (HL): ∆ = 1.5 m, R = 10 cm, L = 3 ab−1,
• FASER 2: ∆ = 5 m, R = 1 m, L = 3 ab−1.
On top of the main FASER detector described above,
recently an additional detector component has been pro-
posed [58], dubbed FASERν, to be placed in front of the
main detector with a primary role to study interactions
of high-energy neutrinos. This is an emulsion detector
covering the transverse size of FASER with tungsten lay-
ers interleaved with emulsion films. The total length of
tungsten in FASERν is 1 m. Both in front of FASERν
and after the emulsion detector, there are scintillator lay-
ers acting as a veto for muon-induced BG.
As far as the secondary production of LLPs is con-
cerned, FASER can employ all the material in front of
the detector that could serve as a target. In particular,
these include the aforementioned concrete shielding and
rock, but also FASERν subdetector. In the following,
we will take into account secondary production processes
happening in all these places. To this end, we will assume
that both FASER (Run 3) and FASER (HL-LHC) are
equipped with the FASERν subdetector, while FASER 2
does not contain it due to its larger size that needs to be
fitted in the TI12 tunnel. Further details about detec-
tor design are shown in Figs. 4a and 4b for FASER and
FASER 2, respectively.
b. LLP decay signature in the decay vessel The
LLPs produced at the ATLAS IP or in secondary pro-
cesses in the material in front of FASER, can decay in-
side the fiducial volume of the detector. The expected
BG in searches for such decays can be suppressed to neg-
ligible levels by employing basic signal characteristics.
First, a high-energy cut on visible energy in the detec-
tor, Evisible > 100 GeV, can be applied to reject all soft
BG particles with only a small impact on the expected
number of signal events. In addition, pointing and timing
information can be used to further associate two charged
tracks detected from LLP decay with pp collisions hap-
pening at the ATLAS IP. As a result, FASER can operate
in an essentially BG free environment [7]. In the follow-
ing, we also assume 100% detection efficiency for easier
comparison with other experiments.
B. MATHUSLA
a. Basic detector design Similar to FASER, the
MATHUSLA experiment has been proposed [10] to take
advantage of possible abundant production of long-lived
BSM particles in pp collisions at the LHC that could have
escaped detection in existing searches [12]. It employs a
large-scale detector to be placed above the CMS IP to
take data during the HL-LHC era. Here, we follow the
proposed MATHUSLA100 design [11] with additional ex-
cavation performed to position the detector partially un-
derground, closer to the CMS IP, in order to maximize
the physics reach [59].
The main part of MATHUSLA is an air-filled decay
volume of the size of 20 m× 100 m× 100 m which is fol-
lowed by a tracking system that spans over the entire area
of the detector and is placed on top of the decay volume.
In addition, scintillator layers are placed at the bottom
and on the sides of the decay volume to veto charged
particles entering the detector. The precise geometry of
the decay volume that we use reads
80 m < x < 100 m,
−50 m < y < 50 m,
68 m < z < 168 m,
(11)
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Figure 4: Simplified detector designs used in the study of primary and secondary production of LLPs with subsequent
decay in the decay vessel. Elements of the detectors and parts of material in front were taken into account or excluded
from the analysis, as indicated in the figures. From the top to bottom the figures correspond to the FASER, FASER 2,
MATHUSLA and SHiP experiments.
where x corresponds to an upward direction, while z is
the direction along the LHC beam pipe and the origin
of the coordinate system is placed in the CMS IP. When
modeling secondary production of LLPs, we take into
account the rock separating MATHUSLA from the CMS
cavern. We illustrate this design in Fig. 4c.
b. LLP decay signature in the decay vessel In our
analysis, we take into account all the LLP decay events
producing two charged SM tracks that happen inside
the decay volume of MATHUSLA. We assume 100% effi-
ciency of detection and the daughter track separation for
energies pdaughter > 1 GeV. Position and timing infor-
mation about the tracks is used to identify the vertex in
the decay volume. This, along with the direction recon-
struction of the coming LLP, allows one to greatly reduce
various sources of BG including cosmic rays, muons from
pp collisions at the CMS IP, and atmospheric-neutrino-
induced BG. Since the direction of the LLP is only mildly
changed by the recoil in the secondary production pro-
cesses, as we discuss in Appendix C, we will assume in the
following that the search of our interest can be performed
with zero BG.
9C. SHiP
a. Basic detector design The proposed SHiP detec-
tor [13] is a fixed-target experiment that will use the SPS
beam of 400 GeV protons incident on a target material
made out of titanium-zirconium doped molybdenum al-
loy and tungsten. A nominal value of NPOT = 2 × 1020
protons on target (POT) allows one to potentially pro-
duce a large number of LLPs that could subsequently
decay in a distant decay vessel.
In between the target and decay vessel, there is a place
for a hadronic stopper and an active muon shield with
an essential role to reduce muon-induced BG to negli-
gible levels. The active muon shield is followed by the
Scattering and Neutrino Detector (SND) which has been
designed to study the interactions of SM neutrinos and
light DM particles. After the SND, a 50 m long decay
vessel begins. Decays of LLPs into charged SM parti-
cles are detected by observing the resulting tracks in the
Decay Spectrometer (DS).
Since the initial release of the technical proposal [14],
the SHiP detector design underwent revision primarily in
order to reduce the cost and weight of the active muon
shield while maintaining its assumed high-quality perfor-
mance. In our analysis, we follow the recent technical
update [60], while we note that further possible modifi-
cations to the design might require updating the results
in the future. We simplify a complicated design of the
planned SHiP detector. However, when doing so, we keep
its key components that could play an essential role for
the secondary production of LLPs. A schematic drawing
of the SHiP detector design is shown in Fig. 4d.
The most important part of the detector with regards
to secondary production of LLPs is the SND and its sur-
rounding magnet. Scattering processes occurring there
can lead to LLPs produced only several meters in front
of the decay vessel. The SND consists of an emulsion de-
tector which is followed by the SND muon system. Since
the latter can partially act as a front veto for the de-
cay vessel, we exclude from our analysis all scattering
events happening in the material lying in its close neigh-
borhood, within 3λhad,int. Notably, on top of absorption
of soft particles with p < 1 GeV in the emulsion detector
in front of the SND muon system, charged soft parti-
cles produced in the emulsion detector can also be swept
away by the SND magnet and then never reach the SND
muon system. This then prevents the events from being
rejected as combinatorial BG.
The emulsion detector in the SND is also equipped
with electronic tracking layers that can time stamp the
events. These could detect even soft activity, correspond-
ing to energy O(100 MeV), in the case of secondary pro-
duction taking place inside the emulsion detector, even
though the SND muon system will not be activated. In
the following, we assume that events will not be rejected
based solely on this soft activity in the emulsion detector.
On the other hand, even if such a rejection is present, ad-
ditional secondary production processes can take place in
the surrounding magnets and in the muon shield that will
not be vetoed. These events will then always contribute
to the secondary production rate.
b. LLP decay signature in the decay vessel A de-
tailed reconstruction of signal events in SHiP with two
charged and energetic tracks from LLP decays within the
decay volume, as well as BG discrimination, employs a
number of observables including e.g. the momentum of
detected tracks and their impact factor with respect to
the target at the IP. In the following, we apply a simpli-
fied acceptance procedure that is primarily based on the
momentum of the visible tracks coming from the LLP de-
cay. In particular, we require each visible track to have
p & 1 GeV.
In fact, similar to MATHUSLA, we find that the pre-
cise value of this low momentum threshold does not play
an important role, at least as far as secondary produc-
tion of LLPs is concerned. In this regime, even set-
ting the lower limit for the visible energy at the level of
Evis > 10 GeV leads to very similar results, as discussed
in Appendix A.
When obtaining the sensitivity reach plots, we as-
sume that SHiP can operate in zero BG environment
and can detect signal events with 100% efficiency. See
e.g. Ref. [60] for further discussion about BG in SHiP
and Ref. [14] for more realistic studies of the efficiency.
IV. DETAILS OF MODELING
As discussed above and illustrated in Fig. 1, models
with more than a single LLP can effectively lead to the
production of BSM species in both initial pp and pN in-
teractions at the LHC or in the target material, as well
as in scattering processes taking place more closely to the
decay vessel. We refer to the former as primary produc-
tion, while to the latter as secondary.
Once produced, LLPs can travel some distance and,
eventually, decay in the detector leading to a visible sig-
nal of two oppositely-charged tracks. The probability of
this happening in the decay vessel depends on the decay
length of a boosted LLP, as well as on the geometrical
acceptance of the detector.
Below, we briefly summarize our analysis, while further
details, including the expressions for relevant branching
ratios, decay widths and scattering cross sections are
given in Appendices B and C. In table I we list the pro-
cesses that we consider in the models listed above. For
each we identify both LLP1 and LLP2. In particular,
the LLP2 particles produced either at the IP or in sec-
ondary production can eventually decay in the detector,
leading to observable signatures. On the other hand the
intermediate particles denoted by LLP1 are either stable
or semi-stable and do not generate any decay signatures.
The primary production of both types of LLPs at the IP
is typically associated with rare decays of mesons orig-
inating from pp and pN collisions, although other pro-
cesses are also possible, as discussed below.
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Model description Primary production (IP) Secondary production Decays (detector)
Model LLP1 LLP2 pp→mesons . . .→LLP1 . . .→LLP2 LLP1→LLP2 LLP2→SM
Dark bremsstrahlung χ A′ pi0, η meson→γ χχ meson→γ A′ χT→χA′ T A′→e+e−
(Sec. II A)
Inelastic dark matter χ1 χ2 pi
0, η, η′, meson, brem, Drell-Yan→A′ χ1 T→χ2 T χ2→χ1 ``
(Sec. II B) ρ, ω A′→χ1 χ2 A′→χ1 χ2
χ2→χ1 ``
Secluded dark Higgs S A′ pi0, η meson→(γ)A′S meson→(γ/pi)A′ S T→A′ T A′→e+e−
(Sec. II C) ρ
Table I: A list of light long-lived particles: LLP1 (intermediate ones) and LLP2 (decaying in the detector) for each of
the models discussed in Secs. II A to II C. In each case we show the relevant production and decay processes that we
consider in the analysis. Primary production of both LLP1 and LLP2 takes place at the IP, as illustrated in Fig. 1.
Secondary production away from the IP corresponds to scatterings of LLP1 off electron or nuclei target T = e
−, N
that lead to LLP2 particles produced in front of the detector. A pair of SM particles in the final state of a heavier
dark fermion decay in the model with inelastic dark matter, χ2 → χ1 ``, typically corresponds to e+e− or µ+µ−, but
can also denote hadronic final states, if kinematically available.
A. Primary production of the LLPs
Light new physics particles can be produced in high-
energy hadronic interactions in a number of processes.
The dominant production channels depend on the BSM
model of interest and on the mass of the LLP. We begin
our discussion by considering the primary production of
dark photons. As shown in table I, in models involving
dark bremsstrahlung of A′ or containing a secluded dark
Higgs boson, these processes determine the primary flux
of LLP2 identified with a dark photon itself. In addition,
the intermediate production of on-shell A′s is a crucial
step leading to primary fluxes of χ1s and χ2s in the
scenario with inelastic DM.
a. Dark photons Given our focus on MeV − GeV
mass range dark photons, the dominant production pro-
cesses relevant for our simulations are the following:
Meson decays: Light dark photons can most efficiently
be produced in rare decays of mesons, if kinematically
available. We simulate meson distributions produced
in pp collisions at the LHC and pN collisions with
the molybdenum target at SHiP with the Monte-Carlo
(MC) event generator EPOS-LHC [61], as implemented
in the CRMC simulation package [62]. In our simula-
tions, we take into account possible rare BSM decays
of pions, η and η′ mesons, as well as vector mesons
ρ and ω. We focus on the dominant decay channels
pi0, η, η′ → γA′ and ρ, ω → piA′.
Proton bremsstrahlung of A′: Dark photons can also
be efficiently produced due to bremsstrahlung in co-
herent proton scatterings. This is especially relevant
for A′ heavier than the threshold for production in rare
pion and η meson decays.
We model the bremsstrahlung of A′ following the
Fermi-Weizsacker-Williams (FWW) approximation
and taking into account an additional proton form fac-
tor to allow for off-shell mixing with vector mesons ρ
and ω, see e.g. Refs. [6, 33, 63, 64] for a recent dis-
cussion. The mixing with vector mesons leads to an
increased production rate of dark photons in proton
bremsstrahlung for mA′ ∼ 775 MeV.
In the case of MATHUSLA, focus on the high-pT
regime of the LHC makes it more challenging to di-
rectly apply the FWW formalism. Instead, here we
approximate the relevant contribution to the dark pho-
ton spectrum by rescaling the spectrum of vector me-
son ρ by the appropriate mixing angle θV as discussed
in Appendix D of Ref. [47]. We note, however, that
this contribution plays a subdominant role with re-
spect to the one from meson decays in the region of
parameter space of the inelastic DM model probed by
MATHUSLA.
Hard processes: For even heavier dark photons, with
masses mA′ & 1.5 GeV, a hard scattering contribu-
tion from Drell-Yan A′ production can start to play a
dominant role. We take this into account, although it
only concerns a small part of the parameter space of
the inelastic DM model under study that is relevant
for SHiP.
Other (subdominant) processes: Dark photons
could also be produced in various other processes,
e.g. in subsequent showers, but these have been
found to be subdominant and, therefore, we neglect
them in the following. As discussed below, secondary
production becomes the most prominent in regions
of the parameter space characterized by a relatively
short lifetime where a large boost factor is required for
the LLP to reach the detector before decaying. It is
then sufficient for us to focus on the high-energy part
11
of the LLP spectrum that is dominantly associated
with the initial proton interactions in the target.
The primary production of other LLPs listed in table I
employs intermediate spectra of mesons or A′s that are
generated as discussed above. Below, we describe the rel-
evant processes leading to a flux of these LLPs traveling
from the IP toward the detector, for each of the models
under study, cf. Secs. II A to II C.
b. Dark bremmstrahlung For the benchmark sce-
nario described in Sec. II A, a flux of dark matter χ
particles going toward the detector comes primarily
from 3-body decays of light pseudoscalar mesons via
off-shell dark photon, i.e. pi0, η → γ A′ ∗ → γ χχ [30].
The contribution from other processes such as proton
bremsstrahlung could become important for heavier
χ, but it is subdominant in the mass range of our interest.
c. Inelastic dark matter The benchmark model with
inelastic DM discussed in Sec. II B is characterized by
the dark photon mass exceeding the masses of two dark
fermions, mA′ > mχ1 +mχ2 . In this case, the dominant
2-body decays of on-shell dark photons into the χ1χ2
pair become possible. The parent dark photon flux is
governed by one of the production processes discussed
above, depending on the A′ mass.
In addition, since χ2s are not stable, they decay
into χ1 and, typically, an electron-positron pair. These
decays allow one to detect χ2s, when they happen inside
the decay vessel. On the other hand, when χ2s decay
before reaching the decay vessel, the resulting lighter
fermions additionally contribute to the flux of χ1 rele-
vant for secondary production discussed below. We take
such displaced χ2 decays into account in our simulations.
d. Secluded dark Higgs boson As discussed in
Sec. II C, the secluded dark Higgs boson that couples to
the SM predominantly via the dark photon, can be effi-
ciently co-produced in any of the A′ production mech-
anisms described above. In particular, for the mass
range of our interest, the most important such production
comes from 3-body meson decays pi0, η → γ A′ ∗ → γA′S
with intermediate dark photon, as well as from 2-body
decays of vector mesons such as ρ→ S A′.
B. Secondary production of the LLPs
On top of the LLPs produced in the vicinity of the
primary proton IP, in models of our interest it is also
possible for them to appear in secondary production pro-
cesses in material closer to the decay vessel. The relevant
Feynman diagrams are shown in Fig. 3 in which an in-
coming particle LLP1, that corresponds to χ, χ1 or S in
the models described in Secs. II A to II C, respectively,
produces an outgoing species LLP2 with possibly much
smaller lifetime, where LLP2 = A
′ or χ2 in the consid-
ered scenarios.
These scatterings can occur on both electrons and nu-
clei with the latter giving the dominant contribution, es-
pecially in the regime of coherent scatterings with Z2
enhancement. In addition, the coherent scatterings are
associated with a small nuclear target recoil, precoil ∼
O(100 MeV), that typically does not cause any veto ac-
tivation, as well as only mildly affects the momentum of
LLPs. While we perform MC simulations to account for
the latter effect, we note that a very good approximation
of the sensitivity reach can be obtained when working in
the simplified, collinear regime with pLLP1 ≈ pLLP2 . A
more detailed discussion of the relevant scattering cross
sections is given in Appendix C.
C. Event rate
When LLPs produced in one of either primary or sec-
ondary production processes decay inside the decay ves-
sel, this can lead to a visible signal in the detector. The
number of expected signal events depends on the rele-
vant production rates, as well as on the decay in volume
probability that takes into account the acceptance factor
A. The latter depends on the geometry of the detector,
as well as on the efficiency to generate and detect visible
charged tracks satisfying experimental cuts.
In this study, we perform full numerical MC simula-
tions, which takes into account the interaction kinemat-
ics and experimental geometry, to obtain the sensitivity
reach plots presented in Sec. V. Although in a strict sense
not identical, it is illustrative to consider the probabili-
ties Pprim. for a LLP2 produced at the IP and Psec. for
an LLP1 with subsequent interaction producing a LLP2
to lead to the signal in the detector.
In the case of primary production, the decay in volume
probability of the LLP with momentum ~p can be written
as
Pprim.(~p) = e−L/d
(
1− e−∆/d
)
A(θ, φ), (12)
where L is the distance to the beginning of the decay
vessel and ∆ is the length of the vessel. The decay
length of the LLP in the ultrarelativistic regime reads
d = cτβγ ' cτE/m where τ is the LLP lifetime, m cor-
responds to its mass, while the LLP energy is given by
E. The acceptance factors A relevant for each of the
experiments are included in numerical simulations.
For the LLPs coming from secondary production, the
decay in volume probability needs to be convoluted with
the scattering rate, which can differ for the various mate-
rials in which secondary production occurs. For a single
incoming LLP1, the relevant probability to produce a
LLP2 which then decays inside the detector reads
Psec.(~p) =
∫ xmax
xmin
dx
`int.
e−x/d
(
1− e−∆/d
)
A(θ, φ). (13)
Here the integration limits xmin and xmax correspond to
the distance to the decay vessel. They are dictated by
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the geometry of the detector and surrounding material,
as well as by veto-related requirements discussed above.
The interaction length is given by `−1int. = σ(E)× (ρ/mT ),
where σ is the scattering cross section per nucleus rele-
vant for the secondary production mechanism, ρ is the
density of material, mT is the mass of the target nucleus
and in Eq. (13) we assumed that `int.  (xmax − xmin)
which is always the case for scenarios of our interest.
Contributions associated with various detector compo-
nents are then summed up to obtain the total event rate.
As manifest in Eq. (13), secondary production pro-
cesses are typically subdominant with respect to primary
ones due to additional suppression for the small scatter-
ing cross section. However, since secondary production
can take place much closer to the detector, xmin  L,
it allows one to probe the short lifetime regime where
the contribution from primary production is already
highly suppressed by the exponential factor in Eq. (12),
exp (−L/d) 1.
V. RESULTS FOR SCATTERING OFF NUCLEI
In order to illustrate the interplay between the pri-
mary and secondary production mechanisms, we have
studied the sensitivity reach for selected LLP models in
the FASER, MATHUSLA, and SHiP experiments. The
respective results are shown in Fig. 5 for the model with
A′ produced from dark bremsstrahlung, in Fig. 6 for the
model with inelastic DM, and in Fig. 7 for the model
with the secluded dark Higgs boson, which are described
in Secs. II A to II C, respectively.
A. Current bounds from past and existing
experiments
Before analyzing the reach of future experiments, we
first discuss current bounds on the benchmark scenarios
under study. These are associated with both searches for
dark photons and for other LLPs present in the models.
Below, we briefly summarize these constraints, beginning
from bounds on visibly decaying vanilla A′s, and then
discussing constraints relevant for each of the three con-
sidered models, respectively. The most stringent bounds
are shown in Figs. 5 to 7 as grey-shaded regions. A more
comprehensive discussion can be found e.g. in Ref. [1]
and references therein.
a. Dark photon with visible decays Current con-
straints on visibly decaying dark photons are relevant
for models with a dark bremsstrahlung of A′ and with
a secluded dark Higgs boson. The upper limit on the
kinetic mixing parameter,  . 10−3, shown in Figs. 5
and 7, come from null searches for narrow resonances
in e+e− → γ A′ → γ `+`− events and rare pion de-
cays, pi0 → γ e+e−, reported by the BaBar [65] and
NA48/2 [66] collaborations, respectively. On the other
hand, bounds on lower values of  have been derived from
reinterpretation of old results of a number of fixed-target
experiments, including E141 [67] and NuCal [64], as well
as the limits obtained by current searches in e.g. the
NA64 [68] detector. Depending on the value ofmA′ , these
bounds can effectively exclude part of the dark photon
parameter space with 10−7 .  . −10−4.
We now discuss current constraints for each of the three
models described in Secs. II A to II C.
b. Dark bremsstrahlung The bounds on the model
discussed in Sec. II A follow the above discussion rele-
vant for visibly decaying dark photon. An additional
constraint shown in Fig. 5 corresponds to the search for
light DM particles scattering off electrons in LSND that
follow Refs [29, 31, 69].
We note that in the benchmark scenario considered
in our study, the region of the parameter space relevant
to secondary production of the dark photon in the dark
bremsstrahlung process corresponds to the too low ther-
mal DM relic density of χ. In this scenario, χ would
be one of the DM components that constitutes only a
fraction of the total DM abundance. This inefficiency of
purely thermal production of χ could, in principle, be
compensated in non-standard cosmological scenarios or
by adding an additional non-thermal component to its
relic density in further extensions of the model. How-
ever, it is important to note that the model with Dirac
fermion DM efficiently annihilating via vector portal into
SM particles is tightly constrained by the Planck CMB
data [70, 71]. We indicate this in Fig. 5 by showing the
lower bound on  as a function of mA′ that is relevant for
the scenario with the relic abundance of χ coming only
from the standard freeze-out mechanism.
A notable exception to this obstacle could be a scenario
in which total χ relic density is generated due to an ini-
tial asymmetry between χ and χ¯ [72, 73]. In this case,
χ could even correspond to the entire DM relic density
provided that the symmetric component is sufficiently
suppressed [74]. On the other hand, it would then be a
subject to additional constraints from DM direct detec-
tion (DD) searches, as discussed e.g. in Ref. [29]. These
will partially exclude the region of the parameter space
relevant for larger values of  and small mA′ , which is
shown as allowed in Fig. 5. In addition, some larger part
of this region would then be covered by future DM DD
searches and would provide a complementary method for
discovery, focusing on the DM particle χ, with respect
to the intensity frontier searches of A′ discussed in this
study. We do not show corresponding bounds and fu-
ture sensitivities in Fig. 5 as their presence depends on
additional assumptions about the cosmological scenario.
c. Inelastic DM In the case of the inelastic DM
model, and for sufficiently long-lived χ2, the most rele-
vant bounds come from null searches for invisibly decay-
ing A′ reported by the BaBar [75] and NA64 [76] collab-
orations. These correspond to the dark photon decaying
promptly into a χ1χ2 pair with χ2 decaying outside the
detector. However, for a large mass splitting between the
dark fermions, ∆χ ∼ 2, the lifetime of χ2 is typically too
13
0.01 0.05 0.1 1
mA′ [GeV]
10−5
10−4
10−3
²
B
aB
ar
N
A
48
LS
NDNA64
E1
41
NuCal
CMB
A’ from
IP
Dark Bremsstrahlung: mA′ : mχ = 1 : 0.6, αD = 0.1
SHiP
MATHUSLA
FASER
FASER (HL)
FASER2
0.01 0.05 0.1
mA′ [GeV]
10−5
10−4
10−3
²
N
A
48
LSN
D
NA64
E141
NuCal
31
01
0
2
10
3
10
4
3
10
10
2
10
3
Dark Bremsstrahlung: mA′ : mχ = 1 : 0.6, αD = 0.1
SHiP
MATHUSLA
FASER (HL)
Figure 5: Results for the model with a single dark matter particle and a dark photon produced due to dark
bremsstrahlung, as discussed in Sec. II A. In the left panel, the sensitivity reach of different experiments is shown:
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Figure 6: Same as Fig. 5, but for a model with inelastic DM discussed in Sec. II B. In the right panel, blue lines with
different numbers of events correspond to the FASER 2 experiment.
small for the heavier fermion to decay outside the detec-
tor, as can be deduced from Eq. (8). In this case, the
invisible bounds could only apply to a small region of
the parameter space relevant for mχ1 ∼ O(10 MeV) and,
generally, remain less important than other constraints
discussed below. In addition, constraints on visibly de-
caying dark photons also do not apply to this scenario.
This is because three-body decays of χ2 into χ1 and e
+e−
pair would not lead to a narrow resonance peak in the
electron-positron spectrum seen in the detector, oppo-
site to e.g. A′ decays into e+e− pairs with no missing
energy. Interestingly, it has recently been pointed out
that a displaced vertex trigger could be employed to in-
crease the sensitivity of the Belle-II experiment to such
a scenario [77]. While such a signature could provide an
independent way of probing the relevant region of the
parameter space, it is left for future studies to assess its
relevance for very short-lived χ2s that often decay in the
closest neighborhood of the nominal interaction point of
the experiment.
The dominant current bounds are then associated with
measurements of the anomalous magnetic moment of
electron [78, 79] and muon [80, 81] that constrain large
deviations of these quantities from the SM predictions,
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Figure 7: Same as Fig. 5, but for a model with a secluded dark Higgs boson discussed in Sec. II C.
cf. Refs [82–84] for recent discussion, as well as from elec-
troweak precision observables at LEP and LHC [85, 86].
In addition, we also recast bounds on χ1 particles scat-
tering off electrons in the E137 experiment [32, 87], see
also e.g. Ref. [88] for recent relevant discussion, assuming
Ee−,rec. & 1 GeV threshold for the recoil energy. Notably,
the bound from lighter fermion scattering in the LSND,
which is discussed above for the model with a single DM
particle, is suppressed in the case of inelastic DM due to
a large mass splitting between χ1 and χ2, as well as a
very small self-coupling of the lighter fermion.
On the other hand, heavier fermions produced at the
IP could travel to the detector and leave a decay sig-
nature. This requires the χ2 decay width to be sup-
pressed enough, so that it does not decay too early.
The corresponding bounds from decays in the E137 [87]
and LSND [89] detectors are shown in Fig. 6, following
Ref. [38]. Importantly, they constrain the region of the
parameter space relevant for values of the kinetic mixing
parameter in the range 10−6 .  . 10−4, while some
regions of the parameter space with larger , but lying
below the upper bound  . 10−3, are left unconstrained.
Last, but not least, we note that in the model with
inelastic DM the aforementioned stringent bounds from
CMB can be avoided as annihilations of Majorana
fermions, χ1χ1 → SM, are p-wave suppressed. Similarly,
there are no such bounds from coannihilation processes
between χ1 and χ2, as heavier χ2 particles decay prior to
a time of recombination.
When presenting the reach plots, we have assumed
fixed mass ratios among all three dark species, mχ1 :
mχ2 : mA′ = 1 : 2.9 : 4 that were chosen for illustrative
purposes. We note, however, that small changes in these
benchmark ratios would have a mild impact on the reach
plots, as long as the dark photon decays predominantly
into a χ1χ2 pair. On the other hand, the relic density of
χ1 DM could change significantly, even by a few orders of
magnitude, depending on how close are the assumed ra-
tios to satisfy the resonance condition, mχ1 +mχ2 ' mA′
(see e.g. Ref. [90] for recent related discussion). The line
with the correct value of Ωχ1h
2 could then correspond to
a wide range of , from values even lower than the region
corresponding to the (g − 2)µ anomaly, up to large ones
that are already excluded. For illustrative purposes, we
present in Fig. 6 the line corresponding to the scenario
with the resonance, following Ref. [38]. We take into ac-
count hadronic annihilation final states relevant for suf-
ficiently large mχ1 ; cf Ref. [40].
d. Dark photon and secluded dark Higgs boson The
most important bounds on the model with the secluded
dark Higgs boson come from the aforementioned searches
for visibly decaying dark photons. Additional searches
for S produced in rare decays of kaons, heavier mesons,
or the SM Higgs boson that are based on the mixing
between S and H do not constrain our parameter space of
interest. This is because this mixing is highly suppressed
for a secluded dark Higgs boson.
The rate of light meson decays into S could, however,
be enhanced thanks to their coupling to dark photons.
This allows one to study corresponding constraints on
such a scenario from subsequent delayed decays of S into
e+e− pairs inside the detector, or from S scattering off
electrons, S e− → A′ e− followed by a prompt A′ decay.
The constraints based on the scattering of S can
be derived similarly to the aforementioned bounds on
fermionic DM from the LSND experiment. One impor-
tant difference in this case is, though, the subsequent
decay of A′ into e+e− that could additionally contribute
to the EM signal in the detector. Given low energies
relevant for LSND, typically ELLP . O(100 MeV), these
decays are prompt and, therefore, could be reconstructed
as a single-electron signal together with the recoiled elec-
tron. Assuming that this is the case and that the en-
tire EM energy lies within the range relevant for LSND
cuts [91], 18 MeV . (Ee−(recoil) + Ee− + Ee+) ' ES .
50 MeV or similarly in between 60 and 200 MeV [92], we
have recasted the relevant bounds from Refs [29, 43] and
show them in Fig. 7 as the region excluded by the LSND.
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In fact, the bounds that we present for LSND should
be considered as an approximate indication of the al-
ready excluded region of the parameter space. A more
detailed analysis would take into account that the open-
ing angle between electrons and positrons in the final
state could exceed 12◦, resulting in distinguishable lep-
ton tracks which no longer mimic neutrino-electron elas-
tic scatterings [93]. Such events with two or even three
lepton tracks would, however, also be subject to con-
straints from the LSND, although deriving these bounds
would require access to the experimental data and would
then go beyond the scope of this study; see also Ref. [42]
for relevant discussion.
On the other hand, the constraints based on delayed
S decays into e+e− inside the detector are less severe.
This is due to a very long lifetime of S, as indicated in
Eq. (10). In addition, these bounds are also sensitive to a
small mixing between S and H that could affect the exact
value of τS without having an impact on the main results
presented below. For this reason, we only qualitatively
discuss several such possible constraints, while we do not
show them in Fig. 7.
In particular, as discussed in Refs. [43, 94], relevant
constraints from electron beam-dump experiments are
typically subdominant with respect to the ones that em-
ploy protons impinged on the target material. As an ex-
ample, decays of S inside the LSND or MiniBoone detec-
tors, that are interpreted as single electron events satisfy-
ing relevant cuts, can constrain an additional slice of the
allowed parameter space, on top of standard dark photon
searches. For negligible S-H mixing, this bound is, how-
ever, generally subdominant with respect to the afore-
mentioned constraint from S scattering in the LSND.
The same is true for possible bounds from S decays in
the old high-energy proton beam-dump experiments, e.g.
BEBC [95] or CHARM [96].
Importantly, due to the long lifetime of S, additional
constraints can arise from Big Bang Nucleosynthesis
(BBN) (see [97, 98] for recent reviews). They are as-
sociated with possible co-production of S in scattering
processes producing light dark photons in the early uni-
verse. The dominant contributions come from annihila-
tion processes qq¯, l+l− → A′∗ → A′S and could lead to a
large number of long-lived dark Higgs bosons produced,
depending on the value of  and αD. On the other hand,
a small but not negligible contribution from S-H mixing
could allow one to always keep τS below the value rele-
vant for BBN, i.e. τS . 0.1− 1 sec, while maintaining a
secluded regime in terms of collider searches.
B. Sensitivity reach of future experiments
The sensitivity reach of all the experiments and mod-
els under study is shown in the left panels of Figs. 5 to 7.
The reach corresponding to the secondary production of
LLPs is additionally marked with colorful shaded regions
to distinguish it from the one relevant for the primary
production. As can be seen, both types of production
mechanisms can simultaneously cover some parts of the
parameter space of the models, in which case the respec-
tive numbers of events add up to the total visible signal
in the detector.
On top of this, some regions of the parameter space
can only be covered by one type of the production pro-
cess. This illustrates the complementarity between both
mechanisms that allows one to probe additional scenar-
ios that would otherwise seem to lie beyond the reach
of the given experiment. It is important to note that a
distinction that we focus on corresponds to only the pro-
duction mechanisms, while the signature in the detector
is the same in both cases. In practice, this means that
neglecting the impact of the secondary production could
affect the interpretation of the results of the experiments.
Notably, the secondary production is most relevant for
regions of parameter space with large couplings between
the LLPs and the SM, which brightens the prospects for
potential simultaneous discovery of such LLPs in many
experiments in the near future. In order to properly in-
terpret such a co-discovery, it would be essential to model
secondary production of LLPs.
Focusing on the secondary production, we show in the
right panels of Figs. 5 to 7 the number of event con-
tours for the experiments under study. As can be seen,
depending on the model, we can typically expect up to
O(103) events of this type, but this number can grow to
even > 106 in certain scenarios, especially for the SHiP
experiment. Below, we comment on the relevance of the
secondary production mechanism for each of the experi-
ments under study.
1. FASER (Run 3, HL-LHC) and FASER 2
The secondary production mechanism can improve the
sensitivity of the FASER experiment both during LHC
Run 3, as well as for the HL-LHC era. For all three
considered benchmark models, the secondary production
extends the FASER reach toward smaller LLP lifetimes,
or larger values of . In the case of the inelastic DM
benchmark model, even the FASER detector operating
during LHC run 3 can probe a large region of currently
unconstrained parameter space.
Note that the reach of FASER extends further to larger
coupling in comparison to the reach of FASER 2, even
though the latter detector has a larger size. This is due to
the additional dense material in the tungsten-based neu-
trino detector, FASERν, placed in front of the FASER
decay volume. If such a block of tungsten, or a similarly
dense material, would be placed in front of FASER 2, it
would also have a positive impact on the physics reach
provided that muon-induced BG can be successfully re-
jected by the front veto. This might be a useful obser-
vation for the detector design, especially in case some
hints of new physics appear in the near future that cor-
respond to the models with smaller LLP lifetimes than
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the FASER experiment can typically cover.
Interestingly, the regions of parameter space that
are accessible at FASER through secondary production
mechanisms can be related to outstanding problems in
particle physics and anomalies: i) In the case of the in-
elastic DM model, FASER probes the currently unex-
cluded region of the parameter space that yields the cor-
rect value of the DM relic density of χ1, as discussed
in [38]. ii) In addition, the secondary production opens
up the possibility to probe an unconstrained region of the
parameter space of the inelastic DM model corresponding
to the observed discrepancy between the measurements
and SM predictions of the muon anomalous magnetic mo-
ment [80, 81]. iii) Furthermore, the probed region of the
dark photon parameter space can correspond to the ex-
isting anomaly observed in decays of the excited state
of beryllium-8 with a mass of mA′ = 17 MeV [99], as
discussed e.g. in Ref. [1]. However, realistic BSM mod-
els that could accommodate for this anomaly [100, 101]
require going beyond the simplest dark photon case and
modifying its couplings to nucleons. This would also af-
fect the reach of both FASER detectors.
Notably, these particularly motivated regions of pa-
rameter space can already be probed by the FASER de-
tector operating during the LHC Run 3, with an addi-
tional positive role of FASERν, while this would not be
possible if only the primary production at the IP were
taken into account.
2. MATHUSLA
The primary target of the MATHUSLA detector,
which is to be placed off the LHC beam collision axis,
is new physics particles produced in rare decays of heav-
ier SM species, e.g. B mesons or the SM Higgs boson,
or in hard pp scatterings that are the most relevant for
larger LLP masses. It is then not a surprise that MATH-
USLA has no reach in the currently allowed region of
the parameter space of the models discussed above with
below-GeV-mass A′ decaying in the detector.
Interestingly, however, in the model with inelastic
DM illustrated in Fig. 6, MATHUSLA can have a non-
negligible reach for both the primary and the secondary
production of LLPs. This is due to a larger angular
spread in a DM flux produced with one additional de-
cay of relatively heavier dark photon, A′ → χ1χ2, when
compared to the A′ flux from e.g. pion decays. On top
of this, the primary production benefits from a relatively
large lifetime of χ2.
As a result, two distinct regions of the parameter space
can be seen corresponding to both types of a production
mechanism with the secondary one covering the region
with the correct value of DM relic density and, partially,
the one corresponding to the aforementioned (g − 2)µ
anomaly.
3. SHiP
The secondary production in case of the SHiP experi-
ment has also a positive impact on the sensitivity to BSM
searches. It can lead not only to an improved discovery
prospects but also to a potentially a large number of such
events. This is particularly relevant for the model with
inelastic DM, as shown in the right panel of Fig. 6. Tak-
ing into account the secondary production could then also
become crucial for the model parameter reconstruction,
in case of discovery.
The sensitivity reach of SHiP for both models focus-
ing on the dark photon decaying in the detector can also
be improved; cf Figs. 5 and 7. Importantly, when ob-
taining the results, we have adapted a quite conservative
approach to exclude all the secondary processes happen-
ing in the SHiP detector more closely than about 2.5 m
away from the decay vessel or so, as detailed in Sec. III
and Appendices D and E. On the other hand, if these cuts
can be weakened, the sensitivity of SHiP with respect to
the secondary production will be further enhanced.
Interestingly, on top of the interplay between the sec-
ondary and primary production of LLPs, in the case of
the SHiP experiment, additional signatures of the models
with more than a single LLP can arise by analyzing LLP
scatterings off electrons. We discuss them in more detail
in the section below.
VI. SCATTERING OFF ELECTRONS
IN SHIP SND
We have so far been focusing on two possible produc-
tion mechanisms of LLPs, but only on one standard LLP
decay signature in the detector with two high-energy
charged tracks emerging from the vertex in the decay
vessel. On the other hand, models with more than a
single LLP also offer additional types of experimental
signatures that can be studied contingent on a specific
detector design.
In particular, the presence of electronic tracker lay-
ers in the emulsion detector in the SHiP’s SND can be
markedly advantageous for BSM searches. Depending on
their time resolution, they could time stamp the scatter-
ing events in the SND by detecting the corresponding
recoil products. Such events could then be analyzed ei-
ther separately or in conjunction with a subsequent LLP
decay. Interactions of LLPs with the light electron target
typically generate large recoil energy of e−, as discussed
in Appendix C. This leads to a detectable EM cascade
in the SND with no hadronic counterpart, for which the
expected BG is greatly reduced.
While the actual capabilities of the SHiP experiment
with respect to such signatures will depend on the final
detector design, below we briefly discuss two such possi-
ble search strategies employing scatterings off electrons
in the SND with possible secondary production of LLPs.
They are also schematically shown in Fig. 8.
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Figure 8: A schematic drawing of the two signatures relevant for LLP scatterings off electrons in the SND that are
discussed in the text. From top to bottom: only scattering signal with no decay in the decay vessel and the double
signature of both scattering and decay that occur in the SND. At the bottom, we also show the standard signature
based on scatterings of the LLP off nuclei with soft target recoil followed by a decay into two high-energy charged
tracks in the decay vessel. The color coding for light long-lived particles is the same as in Fig. 1. Two of the tracker
layers in the SND are schematically shown as vertical dotted purple lines.
(Only) Electron scattering signature: The search
for light dark sector particles scattering off electrons
is one of the main aims of the SND [14]. The expected
number of relevant BG events has been reported to
be about 800 for 2× 1020 POT [60]. These events are
mostly associated with quasi-elastic electron neutrino
and anti-neutrino charged current (CC) interactions
with nuclei. While it might be possible to further
reduce this background, for example by using more
sophisticated tracking algorithms to identify soft pro-
tons in νe n → e− p interactions, there remain truly
irreducible backgrounds related to elastic scattering
off electrons νe → νe, or quasi-elastic scattering of
anti-neutrinos, ν¯ep → e+n, with neutrons in the final
state that easily avoid detection.
For our models of interest, a similar pure scattering
signature is possible, especially if subsequent decay of
the LLP from secondary production is delayed and
happens outside the detector. In a simplified geom-
etry employed in our study, this corresponds to decay
of the LLP at a distance at least about 71 m away
from the end of the SND, where we have assumed
that the SHiP Decay Spectrometer has the total length
of about 15 m. When obtaining the result, we fol-
low Refs. [14, 36] and apply cuts on the recoil energy,
1 GeV < Ee < 20 GeV, and on the recoil electron
angle, 10 mrad < θe < 20 mrad.
“Double” signature inside the SND: Yet another
spectacular signature of models with more than a
single LLP can be associated with a simultaneous
generation of two resolvable collinear EM showers
with no hadronic recoil counterpart, that both can
be seen inside the emulsion detector. These can be
associated with the secondary production process
followed by a prompt LLP decay. Importantly,
neutrino-induced combinatorical BG to such a process
can be greatly suppressed.
While an optimized description of this search will re-
quire a separate study, here we discuss one such simple
strategy in which both EM showers should satisfy the
aforementioned cuts relevant for the pure scattering
signature. In addition, we require both showers to be
initiated at positions in the emulsion detector that are
not too close to each other. As a benchmark gap be-
tween these positions, we choose a distance of 10 cm.
This typically allows for each of the showers to be de-
tected by different tracking layers, as these are placed
about every 8 cm. Notably, a distance of 10 cm corre-
sponds to more than 15 radiation lengths in lead. This
significantly reduces any possible overlap between the
showers in the emulsion films.
On the other hand, we note that requiring such a large
gap between the two showers might be a too conser-
vative approach. This is due to generally excellent
spatial resolution of the emulsion detectors that could
be combined with the signal detected by the tracker
layers. We then also illustrate below how weakening
of this cut might allow one to study an even broader
class of BSM scenarios.
While the signature based solely on scatterings in the
SND for models with a single dark matter particle has al-
ready been discussed in the literature (see e.g. Refs [31–
36]), here we present exemplary results of such searches
for the model with inelastic DM, as well as for the one
with a dark photon and secluded dark Higgs boson. The
relevant results corresponding to benchmark scenarios in-
troduced in Secs. II B and II C are shown in Figs. 9a
and 9b, respectively. In these plots, a region above dot-
dashed green lines corresponds to at least three electron
scattering events happening in the SND. Hence, these
lines indicate an absolute lower limit on  as a function
of the relevant mass that could be probed by any signa-
ture based on scatterings off electrons in the SND in the
absence of BG. This can be compared with the reach from
the standard decay in the volume signature discussed in
Sec. V. The corresponding results for both primary and
secondary production of LLPs are shown as solid red and
solid blue lines in Fig. 9, respectively.
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Figure 9: Results corresponding to additional signatures relevant for LLP scatterings off electrons in the SND obtained
for the model with inelastic DM (left) and the one employing a dark photon with a secluded dark Higgs boson (right).
Both plots have been obtained for benchmark scenarios defined in Sec. II. The green dash-dotted lines correspond to
Nev = 3 electron scattering events in the SND, while solid red and blue lines to the reach from the standard decay
in volume signature and LLPs coming from primary or secondary production, respectively. In the left panel, the
purple dotted (dashed golden) lines were obtained for the pure scattering (double) signature discussed in the text and
correspond to a different number of events as indicated in the plot. In the right panel, the dashed (dash-dotted, solid)
golden lines represent the reach of the double signature with Nev = 3 events.
The results corresponding to the aforementioned pure
scattering search are shown for the inelastic DM model
in Fig. 9a as dotted purple lines with the fixed num-
ber of expected electron-scattering signal events, N =
3, 30, 300, 3000. Notably, the number of events in this
case can reach up to O(1000) in the allowed region of the
parameter space. This can be compared with order 100
events required to exceed the expected level of BG by 5σ
where the error has been roughly estimated as
√
NBG for
the aforementioned number of BG events. These events
are associated with χ1 upscattering to χ2 taking place in
the SND, while χ2 survives for long enough so that it will
decay outside the decay vessel and DS. For a sufficiently
long-lived heavier fermion, an additional contribution to
the total number of signal events would come from χ2
downscattering to χ1 in the SND.
A complementary search can be performed by employ-
ing the double signature of both upscattering and decay
happening inside the SND with at least 10 cm gap in
between. In this case, the maximum distance between
the secondary production point and decay is the length
of the SND, ∆SND ∼ 1 m. This allows one to probe a
regime of a smaller lifetime. As a result, the correspond-
ing dashed golden lines with different number of events
Nev = 3, 30, . . ., cover a distinct region in the parameter
space of the model, with larger values of , than in the
pure scattering signature case discussed above.
As seen in Fig. 9a, a combination of various search
strategies employing the SND and the decay spectrome-
ter, either separately or in a joint signature, could further
shed light on the nature and lifetime of the LLP.
A somewhat different scenario is illustrated in Fig. 9b
for the model with a secluded dark Higgs boson. Here,
the LLP produced in secondary production processes in
the SND is a very short-lived dark photon that promptly
decays back to an electron-positron pair. As a result, no
events with A′ being able to travel outside the detector
are expected. Actually, even the 10 cm gap in between
the two showers in the SND might be too large as dark
photons will typically decay very fast. We then show
several lines corresponding to 3 events with the double
signature for a selection of minimal distances between the
scattering and decay vertices ranging from 1 cm to 10 cm.
As expected, the smaller is the allowed distance between
the beginning of the two showers, the better is the reach,
at least assuming zero BG. On the other hand, for too
small such a distance, both showers could no longer be ef-
fectively resolved. In this case, we would again enter the
regime of an effectively pure scattering signature with a
much larger expected BG. This would significantly affect
the sensitivity reach. We leave for future studies a deter-
mination of the effective gap for which the showers can
be distinguished based on an interplay between the sig-
nals measured by the tracker layers and in the emulsion
films.
Last, but not least, we note that, if a sufficient num-
ber of events is observed with simultaneous EM showers
that both can be resolved, more information useful for
the model parameter reconstruction could be obtained
from analyzing the distribution of the gaps between the
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vertices in such events.
VII. CONCLUSIONS
One of the most promising ways to find new light long-
lived particles is to search for their highly displaced de-
cays in distant detectors separated from the primary in-
teraction point. However, these potentially very clean
searches are limited by the lifetime of LLPs that need to
travel the entire distance to the detector. On the other
hand, in models with more than a single LLP, often ad-
ditional production mechanisms naturally appear due to
efficient couplings between the BSM species. These can
lead to the secondary production of LLPs in the close
proximity of the decay vessel. As a result, smaller than
usual LLP lifetimes can be probed, while the search still
benefits from the shielding from the SM background, sim-
ilar to the case of LLPs produced at distant IP.
In this study, we have illustrated such a possibility for
several theoretically motivated models extending the SM
by additional U(1)d group and the corresponding gauge
boson, namely the dark photon A′. Particular models of
our interest include the following: dark photon being a
mediator between the SM and DM, with either a single
Dirac fermion DM particle or a pair of Majorana dark
fermions, as well as A′ gaining a non-zero mass via the
dark Higgs mechanism and the vev of the secluded dark
Higgs boson.
While these models serve as an example, the secondary
production can play an important role in many types of
BSM scenarios with light new particles. In particular,
in a more realistic setup, A′ could both play a role of
DM mediator and benefit from the presence of an addi-
tional scalar particle in the model. This would lead to
combined signatures from different scenarios discussed in
our study; cf Refs. [38, 43] for recent studies in this di-
rection. In addition, more than a single LLP can arise
e.g. in the context of the Twin Higgs scenario [5], su-
persymmetry (see e.g. Ref. [102]) or models with a lin-
ear dilaton action with possibly light Kaluza-Klein (KK)
gravitons and scalars [103]. Such models have also been
proposed to accommodate for past and present experi-
mental anomalies, cf. e.g. Ref. [104] for a recent such
study connected to the MiniBooNE excess and LSND
anomaly. Remarkably, even in the presence of just a sin-
gle LLP, the model can still be subject to effective sec-
ondary production e.g. if the BSM species couple to the
SM neutrinos; cf. Ref. [105] for such a study for heavy
neutral leptons and the IceCube detector.
Importantly, the secondary production is the most im-
portant for the regions of the parameter space of the mod-
els that are often the most appealing due to prospects for
a simultaneous discovery in many different experiments.
By taking into account this production mechanism, in-
tensity frontier searches can offer an independent way of
verifying possible future hints of new physics that would
otherwise seem to be beyond their reach.
This can also be true for the existing discrepancies
between the theoretical predictions and measurements.
In particular, we show how the secondary production of
LLPs in front of the FASER or MATHUSLA detectors
can allow them to probe the (g− 2)µ anomaly in the un-
constrained region of the parameter space of the inelastic
DM model. Notably, FASER capabilities with respect to
this scenario are enhanced by a dedicated neutrino sub-
detector, FASERν, placed in front of the decay vessel.
Similar such Scattering and Neutrino Detector (SND)
can also substantially add to discovery prospects of SHiP.
On top of already carefully studied signature based on
LLP scatterings in the subdetector, we also propose to
search for simultaneous production and decay of the LLP
in the SND with two separate and collinear electromag-
netic showers that are coincident in time. In case of dis-
covery, employing a combined information about all the
signal events detected in both the SND and the decay
vessel could shed more light on the nature of the LLP.
Last but not least, while we analyze the impact of the
secondary production for only selected intensity frontier
experiments, namely FASER, MATHUSLA, and SHiP,
the same production mechanism can be relevant for other
similar experiments e.g. CODEX-b [53, 54], NA62 [55],
SeaQuest [44], and further discussed i.a. in Ref. [1]. We
encourage the experimental collaborations to take this
possibility into account in detailed modeling, or even at
the level of detector design, as it can crucially extend the
sensitivity reach to new physics to promising scenarios
with connection to current, or possible future, hints of
new physics.
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Figure 10: Energy distribution of the events coming from the secondary production in front of the detector (top) and
similar distribution for the position of the upscattering and its distance to the detector (bottom) for the FASER 2 (left),
MATHUSLA (center), and SHiP (right) experiments. In the top panels, the energy of the decaying particle χ2 is shown
on the horizontal axis. The histograms were obtained for the model with inelastic DM and the benchmark scenarios
indicated in the plots with the mass ratios between all the LLPs that are given by mχ1 : mχ2 : mA′ = 1 : 2.9 : 4.
78/STYP/14/2019).
Appendix A: Sensitivity reach for secondary LLP production and varying experimental cuts
The results presented in Sec. V correspond to a particular set of cuts that we impose when estimating the number
of signal events, as detailed in Sec. III and Appendices D and E. In particular, for the energy thresholds we follow
standard values relevant for each experiment, while as far as secondary production of LLPs is concerned in front of
veto layers, we require the recoil momentum to be low, precoil < 1 GeV, and reject all the events happening within
the last three hadronic interaction lengths (3λhad,int) of the layers. This corresponds to about 1 m of standard rock,
0.5 m of lead, and 30 cm of tungsten [106]. Here, we discuss how the result can be affected when one sharpens these
cuts. For illustrative purposes, we focus on the model with inelastic DM discussed in Sec. II B.
It is instructive to first analyze the example energy distribution of the events seen in the detectors under study
when they are associated with the secondary production of χ2 in front of the decay vessel. This is shown in the
top panels of Fig. 10 for the FASER 2, MATHUSLA and SHiP experiments, and for the benchmark scenarios with
mA′ = 50 or 250 MeV and mχ1 : mχ2 : mA′ = 1 : 2.9 : 4, as well as for  = 10
−3 or 10−4. As expected, the energy
of the events grows with a decreasing lifetime of χ2, i.e. with growing  and LLP masses. This is due to larger boost
factors required for χ2 to reach the decay vessel before decaying. For this reason, one expects that the region of the
parameter space of the model that is the most sensitive to increasing the energy threshold will correspond to lower
values of  and lighter LLP particles. Notably, these are typically scenarios for which the primary production of LLPs
dominate over the secondary one.
In the bottom panels of Fig. 10, we show the distribution of the distance between the position of χ1 upscattering
to χ2, and the decay vessel. As can be seen, for a smaller lifetime of χ2, the impact of the last part of the material
right in front of the decay vessel becomes more important. This is illustrated as more steeply growing histograms for
increasing  and the LLP masses. Hence, one can expect that excluding from the analysis larger parts of the material
in front of the detector would most straightforwardly affect this region of the parameter space of the model.
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Figure 11: Impact of stronger experimental cuts on the sensitivity reach due to secondary production illustrated
for inelastic DM model for FASER 2 (left), MATHUSLA (center), and SHiP (right) detectors. The default results
presented in Sec. V are shown with solid black lines. The long-dashed and dotted red lines correspond to increased
experimental energy thresholds as indicated in the figures. The dashed and dash-dotted blue lines illustrate the impact
of changing the length of material in front of the veto layers, given as a multiple of the hadronic interaction length,
λhad,int, that is excluded from the analysis.
In the opposite limit, for small  and light LLPs, the distribution of the upscattering events becomes flat in the
distance to the detector. In this regime, the lifetime of χ2 is large enough for it to travel long distances. As a result,
in this regime, the primary production of χ2 dominates over the secondary one. A somewhat unexpected behavior of
the solid and dashed blue lines in the figure relevant for the SHiP experiment that corresponds to such a long-lifetime
regime and describes the diminishing number of events from the region in the most immediate vicinity of the decay
vessel is connected to the geometry of the detector and the presence of the SND with smaller average density than
surrounding magnets and the muon shielding.
We illustrate all these effects in Fig. 11 where we present the sensitivity reach plots for the considered experiments.
In this figure, the solid black lines correspond to the default results discussed in Sec. V, while other lines were obtained
by varying the length of material in front of the decay vessel acting as an effective veto (blue lines) and varying the
energy thresholds (red lines) .
In our default analysis setup we require the secondary production to occur at least 3λhad,int before the front vetoes.
However, this cut is rather conservative and could be relaxed. We require the target nucleus to have recoil momenta
below precoil < 1 GeV, resulting in velocities v/c < 0.1. At these velocities the nucleus will experience an energy loss
dE/dx 10 MeV cm2/g. Therefore the nucleus will stop after traveling a distance ∆x = precoil/(dE/dx) 100 g/cm2
which is smaller than λint,had for all considered targets. Changing the effective length of the front veto has a large
effect on the sensitivity reach for LLPs with short lifetimes. This is illustrated by the blue lines in Fig. 11, where we
exclude the last λhad,int (5λhad,int) of material, resulting in an improved (reduced) reach at large couplings .
The impact of varying the energy thresholds affects mostly the reach in lower values of the kinetic mixing parameter.
Here, even soft LLPs can reach the detector before decaying due to generally larger lifetime τχ2 . Therefore, increasing
the energy threshold can have an impact on the number of signal events. However, for FASER 2 and SHiP, this
mostly affects the region of the parameter space where sensitivity is, either way, driven by the contribution due to the
primary production. This is not the case for the MATHUSLA detector where both primary and secondary production
regimes are clearly separated. On the other hand, the MATHUSLA detector does not have the energy measurement,
and the effective energy threshold is only associated with the detection capabilities of soft particles.
Appendix B: Decay branching ratios and widths relevant for the analysis
1. Primary production of LLPs
Dark Photon Production: If the dark photon is light, it is mainly produced via the decay of a pseudoscalar meson
P = pi0, η, η′ into a photon and a dark photon. The corresponding branching fraction is given by
BP→γA′ = 2 2 BP→γγ λ
3
2 (m2P ,m
2
A′ , 0)/λ
3
2 (m2P , 0, 0) = 2 
2 BP→γγ
(
1−m2A′/m2P
)3
. (B1)
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Here we have used the Ka¨lle´n function λ(a, b, c) = (a − b − c)2 − 4bc, where mP is the pseudoscalar meson mass
and BP→γγ is the branching fraction of the di-photon decay channel of P . Additionally, the dark photon can be
produced in decays of a vector meson V = ρ, ω into a pseudoscalar meson P and a dark photon (such as ω → pi0A′),
or via the decay of a pseudoscalar meson P into a vector meson V and a dark photon (such as η′ → ρ0A′). The
corresponding branching fractions are given by [44]
BV→PA′ = 2 BV→Pγ λ
3
2 (m2V ,m
2
P ,m
2
A′)/λ
3
2 (m2V ,m
2
P , 0) and
BP→V A′ = 2 BP→V γ λ
3
2 (m2P ,m
2
V ,m
2
A′)/λ
3
2 (m2P ,m
2
V , 0) .
(B2)
Fermionic Dark Matter: For heavy dark fermions, m1 + m2 > mA′ , the differential branching fraction of a pseu-
doscalar meson P decaying into γχ1χ2 via intermediate off-shell dark photon A
′ ∗ is given by [28, 30]
d2BP→γχ1χ2
ds dθ
= S2αD BP→γγ× sinθ λ
1
2 (s,m21,m
2
2)
4pis2
×−λ(s,m
2
1,m
2
2) sin
2 θ + 2s[s−(m1−m2)2]
(s−m2A′)2 +m2A′Γ2A′
×
[
1− s
m2P
]3
. (B3)
Here, s is the squared four-momentum of A′∗, while the angle θ corresponds to the momentum of χ1 in the rest
frame of A′ ∗ that is measured with respect to the boost direction of the off-shell dark photon. The case with a
single dark fermion corresponds to S = 1/2 and m1 = m2 ≡ mχ, while for distinct dark fermions S = 1.
For light dark fermions with m1 +m2 < mA′ , the dominant production mode of χ1χ2 pairs is due to prompt decays
of on-shell dark photons, A′ → χ1χ2, with the relevant branching ratio of B(A′ → χ1χ2) ' 1 dictated by the
hierarchy between the coupling constants, αD  α 2.
Secluded dark Higgs boson: The branching fraction of a pseudoscalar meson decay P → γA′ ∗ → γ S A′ reads [43]
d2BP→γSA′
ds dθ
= 2αD BP→γγ× sinθ λ
1
2 (s,m2A′ ,m
2
S)
8pis2
× 8m
2
A′s+ λ(s,m
2
A′ ,m
2
S) sin
2 θ
(s−m2A′)2 +m2A′Γ2A′
×
[
1− s
m2P
]3
, (B4)
where s and θ are defined similarly to Eq. (B3) but with χ replaced by S. Additionally, the branching fraction
relevant for the vector meson, e.g. ρ, into a dark Higgs boson and a dark photon, ρ→ SA′, is equal to [31, 43]
Bρ→SA′ = 2q2SαD Bρ→e+e−×
λ
1
2 (m2ρ,m
2
A′ ,m
2
S)
αemm2ρ
× 12M
2
A′m
2
ρ + λ(m
2
ρ,m
2
A′ ,m
2
S)
(m2ρ −m2A′)2 +m2A′Γ2A′
. (B5)
2. Decays of LLPs
Dark Photon Decay: The decay width of an on-shell dark photon into SM particles is
ΓA′ =
ΓA′→e+e−
Be(mA′)
, where ΓA′→e+e− =
2 e2mA′
12pi
×
[
1− 4m
2
e
m2A′
] 1
2
×
[
1 +
2m2e
m2A′
]
, (B6)
where me is the electron mass and Be = B(A
′ → e+e−) is the branching fraction of a decay into an electron-positron
pair. For mA′ below the di-muon threshold, Be = 1 which is typically the case in our analysis. For heavier dark
photons, decays into µ+µ−, as well as hadronic final states start to play an important role [107].
Decay of χ2 in inelastic Dark Matter Models: The relevant differential branching fraction for decay into an
electron-positron pair, χ2 → χ1 e+e−, can be found e.g. in Ref. [37]. In the case of heavier dark fermions and a
larger mass splitting between them, decays into other SM particles become kinematically allowed. We take this
into account by including the branching fraction of an off-shell dark photon decaying into an electron-positron pair,
Be(mA′∗ = mee), evaluated at the invariant mass of the electron pair mee. The decay width is then given by
Γ2 =
g212
2α
64pi2m3χ2
×
∫ s+2
s−2
ds2
∫ s+1
s−1
ds1
4|A|2
(m21+m
2
2+2m
2
e−s1−s2−m2A′)2 +m2A′Γ2A′
× 1
Be(mA′∗=mee)
, (B7)
where ΓA′ is given in Eq. (B6) and
|A|2 = (s1 + s2 − 2m1m2 − 2m2e)[(m1 +m2)2 + 4m2e] + 2(m2e +m1m2)2 − s21 − s22 (B8)
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Figure 12: The energy (left) and angular (right) distribution of an e+e− pair from χ2 decay with respect to the
energy and direction of the parent particle. The histograms are shown for three different energies of χ2: Eχ2 = 1 GeV
(dotted blue), 10 GeV (dashed red), and 100 GeV (solid green), and for the benchmark point parameters indicated
in the figures.
and integration limits are
s±1 = m
2
1+m
2
e +
1
2s2
[
(m22−m2e−s2)(m21−m2e+s2)± λ
1
2 (s2,m
2
2,m
2
e)λ
1
2 (s2,m
2
1,m
2
e)
]
,
s+2 = (m2 −me)2 and s−2 = (m1 +me)2 .
(B9)
In Fig. 12 we show sample distributions of the electron pair energy as well as the angle of electron pair momentum
with respect to the direction of χ2. As can be seen in the left panel, in the boosted regime, where Eχ2  mχ2 ,
the distribution of the energy fraction of χ2 that goes into the visible final state, x = Ee+e−/Eχ2 , only mildly
depends on Eχ2 . In particular, for a larger mass splitting between the dark fermions characteristic for scenarios of
our interest, the visible energy often corresponds to more than a half of the energy of χ2, with a kinematical upper
limit Ee+e− .
[
1− (mχ1/mχ2)2
]
Eχ2 . The relevant value for the assumed mass ratio between both dark fermions
is given by Ee+e− . 0.9Eχ2 . The upper limit on Ee+e− becomes more stringent in the case of lower energies,
Eχ2 ∼ mχ2 , due to a non-zero mass of χ1 in the final state.
In the right panel, we show the angle between electron pair momenta relative to the direction of decaying χ2.
Notably, the visible charged tracks are typically collimated along the direction of χ2. This is especially true for
energies Eχ2 & 100 GeV, i.e. above the energy threshold of FASER. On the other hand, for energies Eχ2 ∼ 10 GeV,
which are more relevant for the secondary production in the SHiP and MATHUSLA experiments, the deflection
angle of order few tens of mrads leads to the impact parameter with respect to the IP of order meters, given
the distance between the IP and the decay vessel exceeding 50 m. This might partially limit the actual reach of
both experiments in this model once a more detailed experimental analysis is performed that considers a pointing
requirement. This effect is even more important for some scenarios with lower energy O(GeV), corresponding to
the regions of the parameter space dominated by the primary production of LLPs.
Appendix C: Scattering cross sections for secondary production of LLPs
In this section, we will give the expressions for the scattering cross sections relevant for secondary production of new
light particles, LLP1 +T → LLP2 +T , where the target can be electron or nuclei, T = e,N . For the models discussed
in Secs. II A to II C, LLP1 = χ, χ1 or S, while LLP2 = A
′, χ2 or A′, respectively. Notably, all the considered models
are characterized by somewhat different kinematics when both the secondary production and subsequent decay of
LLP2 in the detector are taken into account:
• 2→ 3 scattering followed by a 2-body decay (relevant for a scenario with dark bremsstrahlung; cf Sec. II A),
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• 2→ 2 scattering followed by a 3-body decay (inelastic DM; cf Sec. II B),
• 2→ 2 scattering followed by a 2-body decay (A′ with secluded dark Higgs boson; cf Sec. II C).
In the following, we present the expressions for the scattering cross sections relevant to our analysis.
1. 2→ 2 scatterings
In case of models with inelastic DM and secluded dark Higgs boson, secondary production proceeds via 2 → 2
scattering processes illustrated in the center and right panels of Fig. 3, respectively. The relevant differential cross
section in the lab frame reads
dσ
dET
=
mT
8piλ (s,m2T ,m
2
1)
|M|2, (C1)
where ET and mT is the energy and mass of the recoiling target, while m1 ≡ mLLP1 is the mass of the initial state
scattered LLP. The integration limits are:
E±T =
s+m2T −m22
2s
× (E1 +mT )± λ
1
2 (s,m2T ,m
2
2)
2s
× p1, (C2)
where E1 and E2 are energies of the initial and final state LLPs, respectively, and m2 ≡ mLLP2 .
a. Scatterings off electrons
Let us first consider the case of scattering off electrons.
Inelastic DM: Following Ref. [41], the squared matrix element for upscattering χ1e→ χ2e is given by
|M|2 = 8 ( e g12)
2
me
(2me (Eχ2 − Eχ1)−m2A′)2
×M0, (C3)
where the amplitude is defined as
M0 = me
(
E2χ1 + E
2
χ2
)− (δmx)2 (Eχ2 − Eχ1 +me) /2 +m2e (Eχ2 − Eχ1) +m2χ1Eχ2 −m2χ2Eχ1 , (C4)
with δmχ = mχ2 −mχ1 .
Secluded dark Higgs boson: Following Ref. [94], the squared matrix element for the process Se→ A′e is
|M|2 = 4 ( e g12)
2
me
{2me (E2 − E1)−m2A′}2
[
E1 (2E2me +m
2
A′) + E2 (m
2
S − 2m2A′)− 2m2A′ me)
]
, (C5)
where E1 = ES and E2 = EA′ .
b. Scatterings off nuclei
The coupling between the dark photon and protons is dependent on nuclear form factors. This introduces a
nontrivial dependence on the momentum transfer squared, q2 = −Q2 < 0, as dictated by the nucleon electromagnetic
current, Jµ = u¯(p4) [F1 γµ − (σµν qν/2mp)] u(p2), where F1(q2) and F2(q2) are the Dirac and Pauli form factors,
respectively. These are usually expressed through the Sachs form factors, GE = F1 − τ F2 and GM = F1 + F2,
where we defined τ = Q2/(4m2p) > 0. It is customary to express GE employing the dipole approximation, which
is particularly useful in the regime of low momentum exchange relevant for our analysis, which is characterized by
Q2 . 1 GeV,
GE =
(
1 +Q2/0.71GeV2
)−2
= GM/µp, (C6)
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where µp = 2.79 is the proton magnetic moment and in the last step we have followed the usual approximation that a
simple scaling GM ' µpGE holds for small, but even non-zero, values of Q2. For our purposes, the most convenient
parametrization consists of form factors which take the form
G1 := τ G
2
M = τ µ
2
pG
2
E and G2 :=
G2E + τG
2
M
1 + τ
τ≪1' G2E
[
1 + τ
(
µ2p − 1
)]
. (C7)
As follows from Eq. (C7), for a small momentum transfer, τ  1, one obtains G2  G1 and the term in the cross
section proportional to G1 can typically be neglected. The term proportional to G2, instead, plays the dominant role.
In addition, for sufficiently small momentum transfer, the internal structure of the nuclei is not probed and the
dominant contribution to the cross section comes from coherent scatterings off entire nuclei. In the following, we
implement approximate nuclear form factors that lead to a relatively smooth transition between the incoherent and
coherent regimes [108–110]
G2,tot(t) = G2,el(t) +G2,inel(t), (C8)
where G2,el and G2,inel are the form factors corresponding to the coherent and incoherent regimes, respectively. They
are given by
G2,el(t) = Z
2
[
a2t
1+a2t
]2[
1
1+td
]2
and G2,inel(t) = Z
[
a′2t
1+a′2t
]2[
G2E+τG
2
M
1+τ
]
'Z
[
a′2t
1+a2t
]2[1+t/(4m2p(µ2p−1))
(1+t/0.71GeV2)4
]
, (C9)
where the relevant atomic form factors have parameters a = 111Z−1/3/me and a′ = 773Z−2/3/me for coherent and
incoherent form factors, respectively, while the coherent nucleus form factor is characterized by d = 0.164 GeV2A−2/3
with Z (A) being the atomic (mass) number of the nucleus.
We note that our G2 form factor differs slightly from the relevant expression in Ref. [110] due to a spurious square
factor in the nuclear part of the form factor appearing in that reference. We also note that, given our focus on
Q2 . 1 GeV, we do not have to consider the regime of deep inelastic scattering (DIS).
Inelastic DM: For the upscattering process χ1N → χ2N , the squared matrix element is given by
|M|2 = 8(eg12)
2mp
(2mp(Eχ2 − Eχ1)−m2A′)2
×
[
1
2
M1G2 + G1
τ
(M0 − 1
2
M1)
]
. (C10)
where M0 is given by Eq. (C4) and M1 reads
M1 = mT
([
Eχ1 + Eχ2 − (m2χ2 −m2χ1)/(2mT )
]2
+ (Eχ1 − Eχ2 + 2mT )
[
(Eχ2 − Eχ1)− δ2m/(2mT )
])
. (C11)
Secluded dark Higgs Boson: Finally, for the process SN → A′N the squared matrix element is given by
|M|2 = 2 ( e g12)
2
{2mp (Eχ2 − Eχ1)−m2A′}2
[
−
(
m2SQ
2 +
1
4
(
Q2 −m2S +m2A′
)2
+ 3m2A′ Q
2
)
G1
τ
+
{(
2E1mT − 1
2
(
Q2 −m2S +m2A′
))2 −m2A′ (Q2 + 4m2T )
}[
G2 −G1 2 (µp − 1)
µ2p
] ]
.
(C12)
As discussed above, the scattering cross section is dominated by the contributions proportional to G2, effectively
replaced by G2,tot given in Eq. (C8), while the terms proportional to G1 can be neglected in the case of low momentum
exchange.
c. Energy and angular distribution in the secondary production
Importantly, as illustrated in Fig. 13 for the case of inelastic DM, the energies and direction of the LLP is not
much affected by the recoil, i.e. pχ2 ≈ pχ1 . In particular, the outgoing LLP tends to inherit most of the energy of the
incoming high-energy particle, as shown in the left panel.
On the other hand, even a small deflection angle θχ2 can play a role in the physics analysis. In particular, for
energies Eχ2 ∼ 100 GeV relevant for FASER, a typical value of θχ2 ∼ 3 mrad deduced from the right panel of Fig. 13
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Figure 13: The energy and angular distribution of χ2 produced in the upscattering of χ1 in the inelastic dark matter
model with respect to the energy and direction of the initial state particle χ1. The color coding and the choice of the
benchmark parameters are as in Fig. 12.
leads to a displacement that exceeds the 10 cm radius of the detector, if the upscattering happens more than about
30 m away from the decay vessel. In this case, it is particularly important to properly model the deflection in the
secondary production during the simulation. Instead, for larger energies or LLPs with a smaller lifetime, which are
produced in the last few meters in front of the decay vessel, as well as for the large-size FASER 2 detector, small
values of the deflection angle play a less important role in modeling.
Similarly for SHiP, assuming that the interaction takes place close to the decay vessel at a distance about 50 m
away from the IP, and that Eχ2 ∼ 10 GeV, a typical deflection angle, θχ2 ' 30 mrad, leads to an impact parameter
with respect to the target of order 150 cm. This value is smaller than 250 cm relevant for the loose selection cuts, as
mentioned in Appendix E, and it would be further suppressed for larger energies of χ1. On the other hand, a small
but non-zero value of the deflection angle might render it impossible to employ the tight selection cuts typical for e.g.
dark photon searches. This would be further complicated by the presence of an additional missing energy in the final
state, as discussed in Appendix B 2.
In addition, if the secondary production takes place away from the decay vessel, than the displacement O(m) could
result in LLP missing the vessel. This, however, mainly concerns scenarios with relatively long-lived LLPs for which
the dominant production mechanism is, either way, the primary production.
2. 2→ 3 scattering
In case of the dark photon mediated single dark matter model, the secondary production of the dark photon proceeds
through the dark bremsstrahlung processes illustrated in the Feynman diagram in the left panel of Fig. 3. In this
work, the elastic 2→ 3 scattering of the dark matter off the nucleus is modeled numerically using MadGraph 5 [111].
We have created a simplified model containing the DM particle χ, a nucleus N , and the dark photon A′, where
the effective coupling of the dark photon to the nucleus takes into account the elastic form factor G2(t) defined in
Eq. (C8). We simulate the interaction separately for all considered materials and for various energies of the incoming
dark matter particle. The simulated events are then convoluted with the incoming DM flux, where we sample over
the interaction location and weight by the decay in volume probability.
Appendix D: Benchmark detector designs
Here we summarize main features of the simplified benchmark detector designs for the experiments considered in
our study. These are also illustrated in Fig. 4. Bold case is used for these pieces of material, for which we model
secondary production of LLPs in scatterings of other light particles. Any possible secondary production processes
happening in other parts of the detectors are not taken into account.
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More detailed experimental setups have been discussed for FASER/FASER 2 detectors in Refs. [8, 9, 58], for
MATHUSLA in Refs. [11, 12], while in the case of SHiP in Refs. [14, 60]. In the following, we employ simplified
geometries that encompass the most important aspects of detector designs under study and, therefore, remain sufficient
for the purpose of our phenomenological analysis.
These benchmark geometries might be further updated in the future, especially for experiments to be performed
at the time of the HL-LHC era, in which case sensitivity plots presented in this study would have to be updated. We
note, however, that the results presented in Sec. V are typically not sensitive to possible (mild) changes in detector
designs. The most important are potential modifications of detector design in the most immediate neighborhood of
the decay vessel. Depending on the nature of these changes, they could either improve or worsen reach in the regions of
parameter space of BSM models corresponding to LLPs with the shortest lifetime. Even such modifications, however,
would often not have significant impact on the reach, as we briefly discuss in Appendix A.
FASER (both Run3 and HL-LHC): (beginning with most distant places from the detector)
• We do not model in details all the LHC infrastructure that can be found in between ATLAS IP and concrete
shielding close to the place when the arc section of the LHC tunnel begins. While such detailed modeling
would go beyond this study, we also note that the most relevant sections of the LHC tunnel for LLP production
considered here are either ATLAS IP (primary production) or the rock close to FASER (secondary production).
• The first piece of material that we include in our simulations is a region with 10 m of concrete shielding
that starts about 100 m in front of the tunnel TI12, where the FASER detector is located. We model this
shielding as material with Z = 8.6, A = 17, and ρ = 2.3 g/cm3.
• Concrete shielding is followed by 89 m of the standard rock, modeled as material with Z = 11, A = 22 and
ρ = 2.65 g/cm3 [106].
• The remaining section of the rock with the length of 1 m and the 30 cm long section beginning right after the
rock that contains, i.a. the first front veto layers, are treated separately. In particular, any secondary production
processes happening here are rejected in the analysis as they might lead to veto activation. It is useful to note
that 1 m of the standard PDG rock corresponds to roughly three hadronic interaction lengths, 3λhad,int.
• Located behind the first front veto is FASER’s neutrino detector, dubbed FASERν [58]. It contains 1 m of
tungsten out of which the first 70 cm of tungsten are taken into account when modeling secondary production.
This is modeled as material with Z = 74, A = 183.84, and ρ = 19.3 g/cm3. Any scatterings that occur in the
remaining 30 cm of tungsten, as well as within further 20 cm of FASER/FASERν equipment containing i.a.
second section with front veto layers, are not taken into account when obtaining sensitivity plots.
We note that the FASERν detector consists of alternating layers of tungsten (with the total length of about 1 m)
and emulsion films. This complicated geometry is simplified for our phenomenological study in which we model
FASERν as a single tungsten block with an average position with respect to other elements of the infrastructure
around. Precise details of this modeling have a minor impact on the final results.
• After FASERν and the second front veto, the FASER decay vessel begins at a distance L ' 480 m away from
the ATLAS IP. The decay vessel has a cylindrical shape with radius R = 10 cm and length ∆ = 1.5 m.
FASER 2 (HL-LHC):
• FASER 2 is characterized by a similar geometry to FASER, but without FASERν neutrino detector in front of
the decay vessel. As a result, after the concrete shielding (10 m), rock (89 m+1 m), and the first front veto
layers (30 cm), the decay vessel begins at a distance L ' 480 m away from the ATLAS IP. The decay vessel is a
cylinder with radius R = 1 m and length ∆ = 5 m.
MATHUSLA (HL-LHC): (beginning with most distant places away from MATHUSLA)
• The size of the CMS detector and its cavern is taken into account in the analysis in a simplified manner. In
particular, we do not treat secondary production processes happening in the elements of the infrastructure there
as it would be challenging to model them accurately. On the other hand, this region lies close to the CMS IP
and the relevant production rate for LLPs that can reach MATHUSLA is dominated by the primary production
processes. The CMS cavern has roughly a cylindrical shape with 13 m radius and the length of 60 m [112]. By
taking into account the planned position of the MATHUSLA detector and the size of the CMS cavern, one can
see that about 17 m to 30 m of the distance between the CMS IP and the bottom part of the MATHUSLA
detector (details below) will be occupied by the cavern.
• The rest of a distance between the CMS IP and MATHUSLA is modeled as the standard rock with Z = 11,
A = 22, and ρ = 2.65 g/cm3 [106] that extends up until the last 1 m long section of the rock in front of
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MATHUSLA. The last 1 m long section of the rock is, instead, treated separately, similar to the aforementioned
case of FASER/FASER 2. This is to make sure that secondary production processes that we take into account
are shielded from veto layers by at least 3λhad,int.
• MATHUSLA decay vessel begins right after the rock. The total distance between the CMS IP and MATHUSLA,
as well as the size of the detector, is dictated by geometry described by Eq. (11).
SHiP: (beginning with most distant places away from the SHiP decay vessel)
• The target and hadron stopper with additional shielding correspond to about 13.2 m of infrastructure elements
that we neglect when modeling secondary production. This is justified by the fact that the dominant contribution
to the signal yield from this region corresponds to primary production of LLPs initiated by protons hitting the
target.
• After this front section, the remaining part of the active muon shield consists of 6 iron blocks each 5 m
long with 10 cm empty gaps in between, where iron is modeled as material with Z = 26, A = 55.84, and
ρ = 7.874 g/cm3.
• This is followed by an additional section with the length of about 1 m which contains other elements of the
infrastructure that are not modeled in detail in our analysis.
• The SND detector begins at a distance about 44.7 m away from the IP. In its internal 80 cm × 80 cm part
around the collision axis, it corresponds to the emulsion detector and the following downstream tracker. The
emulsion detector is surrounded by a magnet with a coil made out of copper (alternative design with aluminum
is also considered), which is further surrounded by an iron yoke. For the purpose of modeling, we assume that
the region of the SND surrounding the emulsion detector is mostly filled with material with properties similar
to iron.
The emulsion detector and downstream tracker: The total length of the emulsion detector is 3 m, and it
consists of alternating layers of 1 mm thick lead plates and emulsion films that are additionally interleaved
with electronic detectors. We model this as a single block of lead with the total length of about 1 m that
corresponds to 19 walls that each has 57 lead plates, as discussed in section 4.2 of Ref. [60]. The second
half of this block of lead (i.e. 50 cm of lead) is excluded from our analysis of secondary LLP production as
it corresponds to the last 3λhad,int in front of the downstream tracker and the following SND muon system
acting as veto. In our simplified treatment of detector geometry, we assume that the block of lead occupies
1 m long section in the middle of a 3 m long emulsion detector. Hence, out of the emulsion detector with
the total length of 3 m, only secondary production happening in the front 50 cm long part of the lead
block is taken into account which is positioned in between 1 m and 1.5 m away from the beginning of the
SND detector. It is modeled as material with Z = 82, A = 207.2, and ρ = 11.35 g/cm3. After the emulsion
detector, the remaining 3 m of the internal 80 cm × 80 cm part of the SND detector is occupied by the
downstream tracker. We do not study secondary production processes that occur here.
Importantly, for the purpose of studying additional LLP signatures relevant for scatterings off electrons in the
SND, which are discussed in Sec. VI, we model the emulsion detector as a full block of lead with 1 m length.
Magnets surrounding the emulsion detector and the downstream tracker: As discussed above, we as-
sume that the magnets are made out of material equivalent to iron with Z = 26, A = 55.845 and
ρ = 7.874 g/cm3. They have a total length of about 6 m. We again exclude a section of the magnet to-
ward the end with 0.5 m length, as it corresponds to the last 3λhad,int before the SND muon system acting as
veto. On the other hand, the first 5.5 m long section of the magnet is taken into account when modeling
secondary production.
• The SND downstream tracker and surrounding magnet is followed by the 2 m long muon identification system
of the SND. It partially acts as the front veto before the decay vessel begins, so we do not take into account any
possible secondary production processes happening in the close vicinity or inside the SND muon system.
• The muon identification system is followed by the decay vessel that has length of 50 m. We take into account
its irregular shape [60] when simulating the events.
Appendix E: Cuts imposed on signal events
When obtaining the sensitivity reach plots presented in Sec. V, we impose additional cuts that can limit the number
of signal events, but, most importantly, allow one to discriminate between signal and background events more easily.
We summarize these cuts briefly below for both two-body decays with all LLP energy going into visible charged tracks,
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as well as for three-body decays with missing energy in the final state. The latter is relevant for searches for inelastic
DM. In the analysis, we also assume a 100% detection efficiency after the relevant cuts are imposed.
On top of these experimental cuts, we always require the recoil momentum of the target in secondary production
processes not to exceed precoil = 1 GeV. Similarly, no secondary production events that occur within the last
three hadronic interaction lengths, 3λhad,int, in front of veto are taken into account. We note that detailed detector
simulations could allow one to alleviate these constraints. In particular, similar challenges have already been considered
in the context of LLP searches in high-energy electron and muon beam-dump experiments, e.g. NA64-e [113] and
NA64-µ [114] employing ∼ 100 GeV e/µ beams.
FASER/FASER 2: We require the LLP decays to happen inside the decay volume and deposit at least 100 GeV
of energy in two final state visible charged tracks. Due to the large energy threshold, no additional direction
reconstruction cut is imposed since charged particles produced in the decay are highly collimated along the LLP
direction in the lab frame.
MATHUSLA: We follow Ref. [12] and, for LLP decays happening in the decay volume, we implement lower threshold
on three-momenta of both charged particles in the final state, |~pe| > 1 GeV, that is relevant for e+/e− charged
tracks. On top of this cut, in order to suppress various possible sources of BG, additional timing and pointing
information can be used to correlate the event with pp collisions at the CMS IP.
As for the latter, due to the small momentum exchange with the target in scattering processes, the direction of LLPs
entering the decay volume is not much affected by the recoil and this effect can be neglected in the analysis (see
also discussion in Appendix C). The direction reconstruction of decaying LLPs can also be affected in the presence
of missing energy in the final state, especially for low-energy signal events. As a result of such misreconstruction,
isotropic BG induced by interactions of atmospheric neutrinos might become non-negligible as it corresponds to
few tens of events per year [10]. This issue has been studied in Ref. [115] for LLPs produced in Drell-Yan processes
in pp collisions at the CMS IP, as well as produced in invisible decays of the SM Higgs boson. In both cases, the
sensitivity reach has been found to decrease by a factor of 3 for new particles with mass mLLP ∼ 10 GeV, once
neutrino-induced BG is taken into account. On the other hand, as noted in Ref. [115], this effect could become
even less sizable when dedicated background simulations are performed. In this study, we will then neglect possible
negative impact of direction misreconstruction in searches for inelastic DM.
SHiP: We follow Ref. [60] and require three-momenta of both visible charged particles produced in LLP decays in
the decay vessel to be large enough, |~pdaughter| > 1 GeV. Similar to the case of MATHUSLA, we note that direction
reconstruction is not much affected by the recoil in scattering processes relevant for secondary production of LLPs.
In case of 3-body decays with missing energy, loose selection efficiency could be imposed with an impact parameter
with respect to target not exceeding 250 cm [60]. While this condition allows one to more easily accept partially
reconstructed signal events, it could also make BG rejection more challenging. Dedicated BG simulations that go
beyond this analysis are required to thoroughly investigate this issue which we left for future studies. Instead, in
our phenomenological analysis, we neglect this possible obstacle and assume that all such events can be properly
reconstructed and discriminated from BG. This also allows for a better comparison to the reach of MATHUSLA
experiment for which we make a similar assumption.
Experimental cuts applied to additional searches based on LLP scatterings off electrons in the SND are described
in Sec. VI for both considered signatures.
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